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SUMMARY
This project assessed fracture toughness (k jc and
GjC ) for thin-section injection-moulded PES and for which
there are no standard fracture-mechanics tests. Standard 
methods of testing are based on thick specimens that are easily 
available for metals but unusual for injection mouldings. Tests 
were, therefore, made which adapted the standard Mode-I 
(crack-opening) tests to the thin sections of injection-moulded 
discs. Then the question of the tests1 validity arose. Were 
the elastic assumptions being met?
If both critical Mode-I stress-intensity factor and
strain-energy release rate were found then a Young’s modulus
value could be derived. If this derived modulus when compared
to the directly measured Young’s modulus was found to be 
identical then the assumption of linear elasticity would be 
upheld.
Two different styles of fracture-mechanics test were
investigated: ones with explosive fracturing and one with
controlled crack growth.
In explosive fracture-mechanics tests, the fracturing of 
the testpiece was so rapid that the minimum data was collected, 
so many such tests had to be aggregated to sample the range of
notch-depth possible. This was true for both the
three-point-bend (TPB) and tensile tests made on
single-edge-notched (SEN) bars cut from the discs. However, 
when the derived modulus for the explosive tests was compared 
with Young’s modulus it was found to be smaller, so these tests 
did not uphold the assumptions of elasticity. The reason for 
this failure was found to be that the notch did not act like the 
sharp propagating crack required for successful tests.
In the controlled crack-growth test sequence, a crack was 
grown across the diameter of an injection-moulded disc and 
measurements were made, as the crack progressed, of the crack’s 
position, corresponding loading and work done. From this 
sequence of measurements, independent values of stress-intensity 
factor and strain-energy release rate, under quasistatic 
conditions, were calculated that produced values of derived 
modulus which were, at least, equal to the Young’s modulus, thus 
upholding the elastic integrity of the test. Moreover, initial 
surges of crack-growth (similar to explosive fracturing) were 
shown by linear regression analysis to give larger 
stress-intensity factors and to be significantly different from 
the data collected only during controlled crack-growth. Thus, 
the use of controlled crack-growth is Justified as a more 
reliable method of fracture-mechanics testing.
Yield stress measurements were also made and with the 
valid stress-intensity factor predicted plastic zone sizes 
entirely compatible with yielded regions observed as crazes 
whose lengths were reported by Hine.
-0. 2- 01sumry-sth9
Copyright
0  Richard Donaldson WHITEHEAD 1988.
-0.3- Olzcprt
CONTENTS
Page
Title .............       0.1
Summary ............................................................... 0.2
Copyright .....................................    0.3
Contents .......................................................  0.4— 0.7
Figures ........................................................ 0.8--0.13
Tables ............................................................... 0. 14
Acknowledgements ...................................................  0.15
Abbreviations and Symbols ....................    0.16--0.17
Quotation ...........................................................  0.18
1. INTRODUCTION ....................................................  1.1
[1. 1 —  1. 53
2. POLYETHERSULPHONE (PES) STRUCTURE AND BEHAVIOUR ............. 2.1
2.1. PES Molecular Structure ......................................  2.4
2.2. Injection Moulded PES Discs .................................. 2.8
2.2.1. Value of empirical impact tests on mouldings
2.3. Dynamic Measurements for PES Young’s Modulus Values ....  2.17
2.3.1. Ultrasonic determination
2.3.2. Dynamic moduli analysis with temperature
2.4. Fracture Behaviour and Crazing in PES .....................  2.23
[2.1— 2.253
3. BACKGROUND TO LINEAR PLASTIC-ELASTIC FRACTURE MECHANICS .... 3-1
3.1. Origins of Linear Elastic Fracture Mechanics .............. 3-2
3.1.1. Adjustments for small-scale plasticity
3.2. Stress Distribution at Tips of Elliptical Flaw ............  3*5
3.2.1. Critical stress intensity factors and testpiece shape
3*3* Critical Strain-Energy Release Rates .............   3*9
3.3.1. Quasistatic controlled fracturing in round compact tests 
3*3*2. Explosive fracturing conditions in SEN tests
3.4. Young’s Modulus Derived From Fracture Mechanics Values .. 3*15
3*5* Note on Shape of Compliance Plots ............  3*16
[3* 1 —  3* 16]
4. PREPARATION AND TESTING OF SINGLE-EDGE-NOTCHED (SEN) BARS ... 4.1
4.1. SEN Bars for Three-Point-Bend (TPB) and Tensile Tests .... 4.1
4.1.1. Siting of notches, orientation of bars and notation
4.1.2. Cutting and notching of SEN bars
4.2. Measurement of Bar Section and Depth of Notch .............  4.8
4 .3 . Three-Point-Bend (TPB) Tests at Slowest Loading Rates .... 4.8
4.3.1. Fixtures for three-point-bend tests
4.4. Three-Point-Bend Tests at Impact Speeds ................  4.11
4 .5 . Tensile Tests on SEN Bars ...................................  4.13
4.6. Collection of Fractured SEN Bars ...........................  4.13
[4.1 —  4.133
5* HOW FRACTURE TOUGHNESS WAS CALCULATED FOR SEN-BAR TEST-DATA . 5*1
5*1* Data from Each SEN Bar Test .................................. 5*4
5*1*1* Force-displacement record 
5*1*2. Notch-depth measurements
5*2. Analytical Inputs ................................   5*10
5*2.1. Fracture-mechanics finite-width corrections 
5*2.1.1. TPB Y-factor used 
5*2.1.2. Tensile Y-factor used
-0. 4- 02cntsl-sth9
Contents
5.2.2. Energy calibration factor, 0
5.2.3. Statistical distributions (Student-t and F)
5 .3 . Collected Data from n of N Bars in Each Set ..............  5*15
5.3.1. Break force -- FMQ and break energy -- bw0 plots
5.3.2. Break compliance -- a/w plot
5.4. Results from Linear Regression Analysis ................... 5*19
5.4.1. Regression of break force -- FMQ and break energy -- bw0
5.4.2. Derived Young's modulus values
[5.1 —  5.213
6. RESULTS OF TPB TESTS ON SEN-BARS OF EXTRUDED POLYCARBONATE . 6.1
6.1. Results of Regression of Fracture Mechanics Data ..........  6.1
6.2. Derived Young's Modulus Values ..............................  6.3
6 .3. Mixed-Mode Fracture-Mechanics Values and Derived Moduli .. 6.3
6.4. Comments on Other Values from the Literature .............  6.6
6 .5. Break Compliance of PC SEN-Bars in TPB .....................  6.8
6.6. Conclusions ....................................................  6.8
[6.1--6.93
7. RESULTS OF TPB TESTS ON COMPRESSION-MOULDED PES .............  7*1
7.1. Variation of Stress-intensity Factor with Width ...........  7*1
7.2. Variation of Strain-Energy Release Rate with Width..........  7*7
7.3. Variation of Derived Modulus with Width ....................  7*9
7.4. Variation of Break Compliance Curves with Width ..........  7.11
7.5* Conclusions ................................................... 7*11
[7.1--7.15]
8. RESULTS OF TPB AND TENSILE TESTS ON INJECTION-MOULDED PES .. 8.1
8.1. Effect of Chosen SEN-Bar Location within Discs ............  8.1
8.2. Effects of Bar-Length Orientation ...........................  8.6
8.3. Fracture Evidence for Frozen Flow Layers ...................  8.7
8.4. High Values of Through Notch-Tip Break Proportions ......  8.10
8 .5 . Variation of Stress-intensity Factor with Width ..........  8.13
8.6. Variation of Strain-Energy Release Rate with Width......... 8.19
8 .7 . Variation of Derived Young's Modulus with Width ..........  8.19
8.8. Break Compliance Variation in TPB for SEN Bars ...........  8.21
8 .9 . Critical Stress-intensity Factors from Tensile Tests .... 8.24
8.10. Conclusions .................................................. 8.26
[8.1— 8.273
9. RATE EFFECTS FOR TPB TESTS ON INJECTION-MOULDED PES ......... 9-1
9.1. Variation of Stress-intensity Factor with Loading Rate ... 9*1
9.2. Variation of Strain-Energy Release Rate with Loading Rate . 9-1
9 .3 . Variation of Derived Modulus with Loading Rate ............  9*6
9.4. Break Compliance Curves for the Various Loading Rates .... 9*6
9 .5 . Conclusions ....................................................  9-9
[9-1— 9.9]
10. FRACTURE MECHANICS AND YOUNG'S MODULUS VALUES COMPARED ... 10.1
10.1. Fracture Mechanics Values for PES from Literature ......... 10.1
10.1.1. Comparison of critical stress-intensity factors
10.1.2. Comparison of critical strain-energy release rates
10.2. Young's Modulus and Poisson's Ratio Values for PES ...... 10.3
10.2.1. Comparison of derived and directly measured modulus
10.3. Conclusions .................................................. 10.6
[10.1— 10.6]
-0. 5- 02cnts2
Contents
11. SYSTEMATIC ERRORS: CAUSES AND EFFECTS ..........  11.1
11.1. Size of Notch-Depth Undermeasurement and Its Effect .... 11.3
11.1.1. Effect of notch undermeasurement on a~1//2 factor
11.1.2. Effect of notch undermeasurement on Y-1 factor
11.2. Crazing Due to TPB Loading of Polycarbonate SEN Bars .. 11.10
11.3. Fracture Surfaces of SEN Bars from TPB and Tensile Tests 11.15
11.4. Fracture Zone Length from Notch-Tip to LMD and Its Effect 11.19
11.5* Conclusions ................................................  11.23
[11.1— 11.253
12. WHOLE DISC TEST APPROACH USING ROUND COMPACT SPECIMENS ... 12.1
12.1. Form of Disc for Testing as Round Compact Specimens .... 12.4
12.2. Stress Intensity Factor from Newman's Analysis .......... 12.4
12.3. Direct Measurement for Strain-Energy Release Rate ......  12.5
[12.1— 12.9]
13. PREPARATION AND ROUND COMPACT TESTS OF PES 300P DISCS .... 13-1
13.1* Test Preparations and Measurements .......................  13*2
13.1*1. Notching and crack-initiation methods
13.1.1.1. Razor blade initiated
13.1.1.2. Stanley blade initiated
13.1.1.3. Chevron notch initiated
13.1.2. Crack following routine
13.1.3. Typical thickness variation of injection-moulded disc
13.2. Disc Pulling Arrangements .................................. 13.9
13.3. How Test Data Were Processed ..............................  13*9
13.4. Effects of Each Crack Initiation Method .........    13.11
13.5. Conclusions ................................................. 13.23
[13.1— 13.24]
14. RESULTS OF PES SINGLE-DISC FRACTURE-TOUGHNESS TESTS ...... 14.1
14.1. Stress-intensity Factor by Linear Regression for Discs . 14.1
14.2. Critical Strain-Energy Release Rate for Discs ...........  14.7
14.3. Derived Young's Modulus for Discs .......................  14.11
14.4. Evidence of Yielding at Surface Edges of Cracks .......  14.12
14.5* Disc Compliance Curves During Stable Fracturing .......  14.14
14.5.1. Geometrical stability factors (GSFs) of disc testpiece
14.6. Conclusions ................................................  14.20
[14.1— 14.22]
15. DETERMINATION OF YIELD STRESSES AND PLASTIC ZONE SIZE .... 15-1
15*1. Preparation of Yield-Stress Test Bars ....................  15.1
15.2. Experimental Details of Tensile Yield Stress Tests .....  15.1
15.3. Results of Tensile Yield Stress Tests ....................  15*4
15.3.1 Variation of yield stress for PES with low temperatures
15.4. Comparison with Yield Stress Values from Literature .... 15*7
15.5. Evaluation of Ductility Factor and Plastic Zone Size ... 15*9
15.5.1. Ductility factor for PES
15.5.2. Plastic zone size for PES
15.6 . Conclusions ................   15*12
[15.1--15.12]
16. DISCUSSION ....................... ............................. 16.1
16.1. Failure of One-Shot SEN-Bar Fracture-Mechanics Tests ... 16.4
16.1.1. Effect of systematic undermeasurement of notch length
16.1.2. Overestimation of breaking stress due to long TPB span
16.2. Success of Crack-Growth Round-Compact Whole-Disc Tests . 16.9
16.2.1. Agreement between derived and Young's modulus values
-0. 6- 02cnts2
Contents
16.2.1.1. Uncertainty about plane stress or strain conditions
16.2.2. Similar values of plastic zone size and length of craze
16.2.3. Rapid and quasistatic crack-growth fracture surfaces
16 .3 . Controlled Crack-Growth Fracture Mechanics Tests ...... 16.15
[16.1— 16.153
17. CONCLUSIONS AND RECOMMENDATIONS ............................  17*1
[17.1— 17.53
REFERENCES       18. 1
[18.1— 18.133
APPENDICES ..................   19.1
Al. Listing of BBC BASIC program for linear regression of TPB
data from file..................................................  19-2 — 19*3
A2. Drawings of parts for combined Jig and fixture for cutting
whole discs for round compact tests.........................  19.4--19.9
A3* Reduced drawings of pulling rod and chuck pin.............. 19.10
A4. Listings of PET BASIC programs for calculating KjC and
GjC for whole disc tests.............................     19.11--19.14
[19.1— 19.14]
PUBLICATIONS ........................................................ 20.1
"Fracture testing of polyethersulphone injection mouldings" 
"Compact disc fracture mechanics testing of injection moulded 
short fibre reinforced thermoplastics"
-0.7- 02cnts2
FIGURES
Page
Figure 2.1. PES molecular structure compared with selected
linear aliphatic and aromatic chain polymers.......................  2.3
Figure 2.2. Molecular weight distribution for PES 300P used in 
injection-moulded discs............................................... 2.5
Figure 2.3* Example of an injection-moulded 6.1 mm thick disc 
of PES 300P............................................................  2.7
Figure 2.4. Approximate pattern of flow amd orientation frozen
into the single-edge-gated disc injection-moulding used as a
standard representative injection-moulding in this project. ... 2.11
Figure 2.5* Birefringence profile across full thickness of
114 mm diameter, injection-moulded PES 300P disc at a site in
the body of this 'tablet* moulding away from the moulded-in
notch and edges........................................................  2.13
Figure 2.6. Impact tests on 'good* disc mouldings of VICTREX 
500P-HBC73-PES0045 (5 m/s, 23.1 °C, Relative humidity = 51 %)
Disc thickness = 3.31 ± 0.04 mm....................................  2.15
Figure 2.7. Plot of lg(Break energy) against lg(Disc thickness)
for loaded-dart impact tests........................................  2.16
Figure 2.8. Dynamic moduli of PES 300P from ICI analysis....... 2.20
Figure 3.1. Fracture-mechanics test configurations used.........  3*7
Figure 3.2. Direct plot of break energy against cross-sectional
area broken in TPB tests of PES 300P SEN bars..................... 3*11
Figure 3*3. Direct plot of break energy against cross-sectional
area broken in tension tests of SEN bars of PES 300P............. 3.12
Figure 4.1. How single-edge-notched (SEN) bars were cut from
from injection-moulded discs of PES 300P and notched.............. 4.2
Figure 5.1. How the data from SEN bar tests were processed. ... 5.2
Figure 5.2. TPB force-displacement record for SEN bar S2 of PES
300P disc............................................................... 5-5
Figure 5*3. Movement of flexible SEN-bar across fixed
supporting points during three-point-bend tests...................  5.7
Figure 5-4. TPB break force -- fracture mechanics quantity
(FMQ) plot for SEN bars of PES 300P broken at a crosshead speed
of 1.67 mm s-1 (=100 mm min-1)...................................... 5*14
Figure 5.5. Detailed printout of linear regression analysis for 
critical stress-intensity factor of 2.4 mm wide SEN-bars cut 
from injection-moulded PES 300P discs where notch-depth,a, was 
measured with a travelling microscope........   5-16
-0. 8- 03figsl-sth6
Figures
Figure 6.1. Linear regression results of TPB tests on 3 mm 
thick Lexan and Makrolon polycarbonate sheet at a loading rate 
of 1.0 m s_1, 23 °C and 50 % r.h..................................
Figure 6.2. Variation of SEN bar compliance in TPB tests with 
notch-depth to fracture-mechanics-width ratio, a/w, based on 
centre-of-bar deflection, S, at break force, f, for 
polycarbonate bars...............................................
Figure 7.1. Side view of re-assembled SEN bars cut from 17*5 mm 
thick compression-moulded PES 300P slab and broken in TPB........
Figure 7.2. Variation of critical plane-strain stress-intensity 
factor, Kice, from linear regression analysis, with 
fracture-mechanics width, w. [Compression-moulded PES 300P 
slab; mechanically-probed notch measurement] ....................
Figure 7.3. Variation of critical plane-strain stress-intensity 
factor, Kice, from linear regression analysis, with 
fracture-mechanics width, w. [Compression-moulded PES 300P 
slab; travelling microscope notch measurement] .................
Figure 7.4-. Critical strain-energy release-rate, Gj c e * £>y
linear regression, with fracture-mechanics width, w.
[Compression-moulded PES 300P slab; mechanically-probed notch 
measurement] ........................................................
Figure 7*5. Variation of Young's modulus, E, calculated by 
E = (KjCE)2 •(g i c e ^ with fracture-mechanics width, w. . 7.10
Figure 7.6. Variation of SEN bar compliance in TPB tests with
notch-depth to width, a/w, based on centre-of-bar deflection, S,
at break force, f, for bars cut from PES 300P
compression-moulded slab. [w = 2.5 mm & w = 5 mm; TM] ........
Figure 7.7. Variation of SEN bar compliance in TPB tests with
notch-depth to width, a/w, based on centre-of-bar deflection, S,
at break force, f, for bars cut from PES 300P
compression-moulded slab. [w = 10 mm; TM] ......................
Figure 7.8. Variation of SEN bar compliance in TPB tests with 
notch-depth to width, a/w, based on centre-of-bar deflection, S, 
at break force, f, for bars cut from PES 300P
compression-moulded slab. [w = 25 mm; TM] ......................
Figure 8.1. Effect of bar-location (bar-position), within set 
of four bars cut from each disc, on critical stress-intensity 
factor, Kice.
Figure 8.2. Effect of bar-length orientation on critical 
stress-intensity factor, KICE, for SEN bars cut from 
injection-moulded (IM) PES300P discs in INTO mode with 
fracture-mechanics width of 3.4 mm and breadth of 12.6 mm.
Figure 8 .3 . Effect of bar-length orientation on critical 
plane-strain energy-release rate, Gjce, for bars cut from
6.2
6. 7
7.2
7.4
7. 6
7.8
7. 12
7- 13
7. 14
8. 2
8. 4
-0.9- 03figsl-sth6
Figures
injection-moulded (IM) PES 300P discs in INTO mode with
fracture-mechanics width of 3.4 mm and breadth of 12.6 mm........ 8.5
Figure 8.4. Variation of critical stress-intensity factor, 
k ICE‘ fracture-mechanics width, w. [MP; IM PES 300P;
INTO] ................................................................ 8.11
Figure 8.5. Variation of critical stress-intensity factor,
Ki c e * With fracture-mechanics width, w. [TM & MP; IM PES
300P; INTO a AX] ...................................................  8.12
Figure 8.6. TPB break force -- fracture mechanics quantity
(FMQ) plot for SEN bars of injection-moulded PES 300P broken at
an Instron crosshead speed of 1.67 mm s-1 (= 100 mm rain-1). ... 8.15
Figure 8.7* Variation of critical plane-strain energy-release
rate, Gjcg. with fracture-mechanics width, w. [MP; IM PES
300P; INTO a AX] ...................................................  8.18
Figure 8.8. Variation of Young’s modulus, E, calculated by 
E = (KjCE)2 .(Gjcg) ,  with fracture-mechanics width, w.
[MP; IM PES 300P; INTO & AX] ..................................  8.20
Figure 8.9. Variation of compliance for two SEN bar sets in TPB 
tests with notch-depth to width, a/w, based on centre-of-bar 
deflection, S, at break force, f, for bars cut from PES 300P 
injection-moulded discs. [w = 2.4 mm a 6.2 mm] ................  8.22
Figure 8.10. Variation of SEN bar compliance in TPB tests with 
notch-depth to width, a/w, based on centre-of-bar deflection, S, 
at break force, f, for bars cut from PES 300P injection-moulded 
discs. [w = 13*4 mm] .............................................. 8.23
Figure 8.11. Variation of critical plane-strain stress-intensity
factor, Kice, in tensile tests by linear regression, with
breadth, b, of SEN bars. [MP; IM PES 300P; AX] ................. 8.25
Figure 9.1. Effect of loading rate on critical stress-intensity
factor, Kice. [MP; IM PES 300F; INTO] ...................    9.2
Figure 9.2. Effect of loading rate on critical strain-energy
release-rate, GICE. [MP; IM PES 300P; INTO] ....................  9-3
Figure 9.3. Effect of loading rate on Young's modulus
calculated from E = (KICE)2.(GICE)-1. [MP; IM PES 300P;
INTO] .................................................................  9-5
Figure 9*4. Variation of SEN bar compliance in TPB tests with 
notch-depth to width, a/w, for bars cut from PES 300P 
injection-moulded discs, at loading rates of: 1.67 mm s-1,
83.3 Jjm s-1, and 8.33 pm s-1. [MP] .............................. 9.7
Figure 9*5. Variation of SEN bar compliance in TPB tests with 
notch-depth to width, a/w, based on centre-of-bar deflection at 
break force for bars cut from PES 300P injection-moulded discs.
[MP; 1.0 m s-1]     9-8
-0.10- 03figs2-sth6
Figure 11.1. Undermeasurement of notch-depth by mechanical
probing (MP) for the range of fracture-mechanics widths used in
SEN bars for TPB tests............................................... 11.2
Figure 11.2. Plots of y = a1//2 and y = a-1//2 for the range 
of notch-depths in SEN bars broken by three-point-bend (TPB) and 
tensile tests......................................................... 11.4
Figure 11.3. Expected shift, Aa/w, in notch-depth to width 
ratio, a/w, due to inherent undermeasurent by mechanical probing 
technique.............................................................  11.6
Figure 11.4. Plots of Brown and Srawley’s (1966) finite-width 
correction factor,
Y = Aq + A^. (a/w) + A 2 • (a/w)2 + A3 , ( a / w )  3 + a^. (a/w)**,
for pure bending and for three-point bend with span-to-width
ratio, s/w, of 4 and 8............................................... 11.7
Figure 11.5 . Plots of reciprocal Y-factor for three-point bend
calculated from Brown and Srawley (1966) finite-width correction
for pure bending and span-to-width ratio, s/w, of 4 and..8..... 11.8
Figure 11.6. Sketched side-view and through-back-surface view
of craze bundle at notch-tip of Makrolon-PC SEN bar after bar
had been subjected to incomplete TPB test loading..............  11.11
Figure 11.7. End and side views of "worked” zone and craze
bundles at notch-tip of Makrolon-PC SEN bar Mil............. 11.12
Figure 11.8. Typical fracture surfaces of TPB-tested SEN bars
cut from injection-moulded discs of PES 300P................  11.16
Figure 11.9 . Selected fracture surfaces, typical of TPB-tested
SEN bars cut from 17.5 mm thick compression-moulded PES 300P. . 11.17
Figure 11.10. Matching fracture surfaces of SEN tensile bar cut 
from 6.3 mm thick injection-moulded PES 300P disc...............  11.18
Figure 11.11. Extent of "stable" zone observed on fracture
surfaces of TPB tests in compression moulded (CM) and injection
moulded (IM) PES 300P at 23 "C.................................... 11.20
Figure 11.12. Variation of critical stress-intensity factor,
Ki c e * ky linear regression analysis, with fracture-mechanics
width, w. [LMD-TM; CM PES 300P; AX] ...........................  11.21
Figure 11.13. Variation of critical stress-intensity factor,
KlCE* linear regression analysis, with fracture-mechanics
width, w, for SEN bars cut from injection-moulded discs of 
PES 300P and with analysis made using line of maximum 
disturbance (LMD) as notch-depth, a. [LMD-TM; IM PES 300P;
INTO] ............................................................... 11.22
Figure 12.1. Position and size of notch and holes for pulling
pins, required by Newman (1981), ASTM E399-81 & BS 5447:1977
based on maximum diameter of injection-moulded discs..............  12.1
-0.11- 03figs2-sth6
Figures
Figure 12.2. Force— displacement plots traced from the chart 
records of two of the whole disc tests made on
injection-moulded, 6.1 mm thick, PES 300P discs..................  12.7
Figure 13*1. Chevron-notched PES disc with details of notch cut 
by circular slitting saw with each tooth ground to a V-shaped 
profile including a 45 ° angle...................................... 13*3
Figure 13.2. Thickness variation across diameters of 6.3 mm 
injection-moulded PES 300P disc (0 = 113 mm)...................... 13.7
Figure 13*3. Results of calculations on test data from
injection-moulded PES 300P disc, CHAN(2)-2....................... 13.10
Figure 13.4. Variation of GjC with crack-tip speed for 
razor-blade initiated, sudden fracturing of PES 300P
injection-moulded discs in round compact tests..................  13.12
Figure 13.5. Typical matching fracture-surfaces of
blade-initiated disc tests............................. (i)&(ii).. 13.13
Figure 13.6 . Variation of GjC with crack-tip speed for
Stanley-blade initiated, sudden and controlled fracturing of
PES 300P injection-moulded discs in round compact tests....... 13.15
Figure 13*7. Variation of strain-energy release rate with 
temperature, at and below room temperature....................... 13.17
Figure 13-8. Variation of critical stress-intensity factor,
KjC, at room temperature and below for whole disc tests of 
injection-moulded PES 300P.........................................  13.18
Figure 13.9 . Variation of derived Young's modulus,
E = (Kic)2 *^GIC^ with temperature, at and below room
temperature, for tests on injection-moulded PES 300P discs. .. 13.19
Figure 13-10. Variation of GjC with crack-tip speed for 
chevron-notch initiated, controlled fracturing of PES 300P 
injection-moulded discs in round compact tests..................  13*21
Figure 13.11. Typical matching fracture-surfaces of
chevron-notch initiated disc tests of PES 300P..................  13* 22
Figure 14.1. Break force -- fracture mechanics quantity plot
for data collected during stable, brittle fracturing of one 
injection-moulded PES 300P disc, CH5...............................  14.2
Figure 14.2. Break force -- fracture mechanics quantity plot 
for data collected during stable, brittle fracturing of one 
injection-moulded PES 300P disc, CHAN(2)-2........................  14. 3
Figure 14.3. Variation of critical stress-intensity factor, 
with inclusion of crack-initiation-phase (CIP) data, for stable 
crack growth at slow pulling speeds in injection-moulded discs of 
PES 300P............................................................... 14.5
-0.12- 03figs2-sth6
Figures
Figure 14.4. Variation of critical strain-energy release rate, 
found by Gurney sector method, for stable crack growth at slow 
pulling speeds in injection-moulded PES 300P discs............... 14.8
Figure 14.5. Variation of derived Young’s modulus,
E = (KIC)2 .(GjC ) ,  with inclusion of
crack-initiation-phase (CIP) data, for stable crack growth at
slow pulling speeds in injection-moulded PES 300P discs.......  14.10
Figure 14.6. Views of the crack in PES 300P disc CH16 and
surface yielding around the crack-tip............................  14.13
Figure 14.7. Variation of compliance during stable fracturing, 
for injection-moulded PES 300P discs, with the crack length to 
fracture-mechanics width ratio....................................  14.15
Figure 15.1. Pattern for waisted yield-stress test-bars used on 
injection-moulded discs of PES 300P and based on the pin-loaded 
static-fatigue-failure specimen of BS4618.........................  15.2
Figure 15.2. Example of force-displacement chart record as
traced from original of waisted yield-stress bar, S4............ 15*3
Figure 15.3. Variation of yield stress below room temperatures 
in injection-moulded, PES 300P, 2.43 mm thick, waisted
sample-bars.................  15.6
-0.13- 03figs2-sth6
TABLES
Page
Table 2.1. Dynamic Moduli for PES 300P      2.22
Table 4.1. Extent of Tests Using Single-Edge-Notched Bars ..... 4.4
Table 4.2. Compliance of Instron Load Cells and Couplings .... 4.10
Table 6.1. Comparison of Experimental with Cited Values for PC . 6.4
Table 7.1. Detailed results of linear regression for critical
plane-strain stress-intensity factor, KjC, and critical 
plane-strain energy-release rate, GIC, on data from SEN bars 
of compression-moulded (CM) PES 300P broken in three-point-bend 
(TPB) tests at 23 "C and 50 % relative humidity.................... 7*3
Table 8.1. Fracture toughness of PES 300P injection-moulded
discs from three-point-bend tests on single-edge-notched bars,
85 mm long, at c. 23 °C & c. 50 % r.h...............................  8.8
Table 8.2. Young’s modulus of PES 300P injection-moulded discs
at c. 23 °C & c. 50 % r.h. by calculation from critical
plane-strain stress-intensity factor, KICE, and critical 
strain-energy release rate, GICE....................................  8-9
Table 9.1. Effect of loading rate on fracture toughness of PES 
300P based upon three-point-bend tests on single-edge-notched 
bars (85 mm x 12.5 mm x 3.4 mm) cut from injection-moulded 
edge-gated discs of 114 mm diameter..........................   9*4
Table 10.1. Fracture Mechanics Values for PES from Literature . 10.2
Table 10.2. PES Values of Young’s Modulus and Poisson’s Ratio . 10.4
Table 14.1. Fracture-Toughness Values of Whole Disc Tests .... 14.6
Table 15.1. Yield stress values for sets of 4 waisted bars cut
from injection-moulded discs of PES 300P and tested at and below 
room temperature...................................................... 15-5
Table 15.2. Tensile Yield Stress Values for PES from Literature 15.8
Table 17.1. Summary of Properties for Injection-Moulded PES .. 17-3
-0.14- 04tbls-sth6
ACKNOWLEDGEMENTS
Many different people play a considerable part in 
enabling a research project to progress successfully. Such help 
often comes routinely from decent, considerate folk who are 
"Just doing their Job” but doing it constructively. I wish to 
thank all these people for their many acts of kindness and
fellowship. I hope they will forgive me because it has been
impossible to acknowledge them all by name here or even give all 
the particulars of the contributions and assistance I have 
received.
My research project resulted from a collaboration of ICI 
pic with the University of Surrey supported and encouraged by
the Polymer Engineering Directorate as part of the SERC. The
collaboration had many benefits not least of which was the
contact with the team of scientists, both at ICI and at the 
University of Surrey (UOSY). This contact acted as a steering 
committee for this project and I would like to acknowledge the 
contributions from this source.
In particular, I would like to thank Roy Moore and Stan 
Turner (ICI) both of whom helped to supervise and enable the
work done in ICI. Roy also explained his interpretation of the
linear regression analysis used in the Data Bank for the TPB
break-force to FMQ plots as well as the hope of confirming 
independently by experiment the relationship between Young’s
modulus and the fracture mechanics values, an idea which became
central to the test validation scheme. Stan recognized the need 
to move to a whole disc test and drew our attention to the round 
compact analysis for stress-intensity factor of John Newman,
which turned out to be a significant step in the progress 
towards a better test.
None of my working visits to ICI’s laboratories would 
have been as fruitful without the help and friendly support of
their staff. I would like to thank David Leach and Dilwyn Jones
who shared with me their insights and experience of the
material, and the results of their investigations.
For the help in designing and manufacturing the combined
drilling Jig and milling fixture for the cutting of the PES disc
into the round compact testpiece, I wish to thank Cliff 
Douthwaite, David Bailey and their team in the Mechanical 
Engineering Department, UOSY.
My special thanks are due to Jack Rider who not only 
co-supervised this project and introduced me to the techniques 
of birefringence and ultrasonic measurements but also willingly 
read and commented on the typescript of this thesis. As a 
result I hope that the subsequent amendments I have made have 
been successful in improving the accessibility and clarity of 
the text.
To Keith Puttick who was the grand supervisor I give my 
thanks, particularly for raising the contract funds without 
which my participation in the project would have been 
impossible. Two suggestions of his in the development of the 
project were particularly telling on the outcome. It was his 
suggestion that an approach along the lines of quasistatic 
crack-growth of PMMA compact testpieces published by Atkins, 
Lee & Caddell (1975) be tried, also he suggested a fuller linear 
regression be made with confidence ranges.
-0.15- 05ackts-sth9
ABBREVIATIONS AND SYMBOLS
Abbreviations:
AX -- Across notching mode with the notch cut into the body
of the moulding and the moulded surfaces on the sides of 
the SEN bar breadth.
CIP -- Crack Initiation Phase
CM -- Compression Moulded
DEN -- Double Edge Notched
DP -- Degree of Polymerization
FM -- Fracture Mechanics
FMQ -- Fracture Mechanics Quantity
GPC -- Gel Permeation Chromatography
GSF —  Geometrical Stability Factor for crack-growth.
GSM -- Gurney Sector Method
IM -- Injection Moulded
INTO -- INTO notching mode with the notch cut into a moulded
surface with the cut edges of the SEN bar on the sides 
across the breadth.
LMD — Line of Maximum Disturbance seen on fracture surfaces of
Mode I
broken SEN bars.
-- crack-opening mode of fracture mechanics tests
MP -- Mechanically Probed of notch-depth measurement
N/A — Not Applicable
PC — Polycarbonate
PEEK -- PolyEtherEtherKetone
PES -- PolyEtherSulphone
PMMA -- PolyMethylMethAerylate
SEN — Single Edge Notched
SIF -- Stress Intensity Factor
TM -- Travelling Microscope to measure notch-depth
TPB — Three Point Bend
TSF — Toughness Stability Factor for crack-growth
Symbol
a
s:
crack length as seen in whole disc tests or the
A
measured notch-depth in SEN bars (mm).
-- area of cross-section broken by crack (10"® m -2).
b -- breadth of bar or disc (mm).
C — compliance of test specimen, S/f (jjm N"1 ).
E — Young’s modulus (GPa).
f -- break force (N).
G -- geometry function for compact-round test.
GjC -- critical Mode-I (plane-) strain-energy release rate
(kJ m-2) used for the slow, controlled whole-disc 
compact-round tests and values cited in the literature.
g ice "" critical Mode-I strain-energy releaee rate (kJ m"2)
used for sudden, fast, impulsive energy release fractures 
or otherwise EXPLOSIVE fracturing conditions found in SEN 
tests.
GC1 -- critical plane-strain energy release rate deduced from
mixed modes of fracture found in Mode I fracture-mechanics 
tests usually of the impulsive kind (kJ m~2).
GC2 ~~ critical plane-stress energy release rate deduced from
mixed modes of fracture found in Mode I fracture-mechanics 
tests usually of the impulsive kind (kJ m~2).
H —  scaling factor for compact-round test.
I -- second moment of area.
KjC -- critical Mode-I (plane-stress) stress-field intensity
factor (MN used for the slow, controlled
whole-disc compact-round tests and values cited in the
-0.16- 06symbs-stl
Abbreviations and Symbols
literature.
Ki c e -- critical Mode-I stress-field intensity factor
(MN m"3/2) used for sudden, fast, impulsive energy 
release fractures or otherwise EXPLOSIVE fracturing 
conditions found in SEN tests.
KC1 -- critical plane-strain SIF deduced from mixed modes of 
fracture found in mode I fracture-mechanics tests usually 
of the impulsive kind (MN m - 2 ).
K q 2 —  critical plane-stress SIF deduced from mixed modes of
fracture found in mode I fracture-mechanics tests usually 
of the impulsive kind (MN m -^/2).
m -- number of SEN bars in a set showing a clear break
through the notch-tip.
M -- applied moment.
M n -- number average molar mass.
Mw -- weight average molar mass.
n -- number of data points used in analysis.
N -- total number of data points which could be used in the
analysis.
P -- break force to thickness of disc ratio (kN m"1 ) for
compact-round tests.
Q -- total number of discs from which data was taken in
compact-round tests.
R -- fracture toughness (kJ m -2).
r -- radius in polar coordinates.
s -- distance between points of supporting span in
three-point-bend tests (mm).
sx -- sample standard deviation.
sx -- sample standard error.
s -- sample error corresponding to half the 95 % 
confidence range for the population mean.
T -- free surface energy per unit area.
U -- total energy balance.
Ue -- elastic strain energy released.
Ug -- surface energy absorbed.
w -- fracture-mechanics width of specimen (mm).
W -- work done in fracture (mJ).
x —  sample mean.
Y -- Brown and Srawley finite-width correction or geometry
factor.
S -- displacement (deflection) at break (mm).
AA —  incremental cross-sectional area broken (10~® m“2 )
in GSM.
AW -- corresponding incremental work done in breaking
cross-section AA, determined by GSM (mJ).
0 -- SEN bar-length orientation (°); angular polar
coordinate. 
v -- Poisson’s ratio.
p -- density of PES (kg m-1).
a -- tensile stress.
O y -- yield stress (MPa).
axx -- localised stress components, also <3yy
*CXy —  localised shear stress component.
0  -- energy calibration factor, C/dC/d(a/w).
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Put up in a place 
where it’s easy to see 
the cryptic admonishment 
T. T. T.
When you feel how depressingly 
slowly you climb, 
it’s well to remember that 
Things Take Time.
—  from ’’Grooks” by Piet Hein.
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1. INTRODUCTION
The purpose of this project was to develop reliable 
scientific measurements of fracture toughness for 
polyethersulphone (PES) in the thin sections encountered in 
injection mouldings together with a scheme by which to assess 
the validity of the fracture toughness values produced. The 
resulting values could then be used with confidence in the 
design of any injection moulding to predict the destructive 
potential of known shapes, lengths and severity of flaws it
might contain and avoid them.
The original impetus for this project came from the
common objective of researchers in ICIfs Polymer Science 
Division and in the Physics Department, Surrey University to 
determine the effects of molecular orientation on the mechanical 
performance of injection mouldings. A proper understanding of 
such orientation effects would ensure that injection mouldings 
could be designed in which the best material properties 
associated with orientation could be aligned with the most
demanding mechanical requirements of the moulding. Effective
and economic use of materials in this way is of great commercial 
importance where large quantities of polymers are being used in 
mass production of injection mouldings.
Initially, it was hoped that the localized
indentation-fracture method developed by Kent, Puttick & Rider 
(1981 a & b) on PMMA and PS for revealing orientation and
toughness in injection mouldings would also prove equally 
successful on ICI's high-temperature-performance engineering
plastic, polyethersulphone.
In the event, however, PES was too ductile at room
temperature, yielding too readily for the indentation-fracture
-1 .1- lintro-sth9
ln^roauccion
method to be successful on commercially-used, thin sections of 
injection moulded PES. The critical size of indentation for 
fracture initiation was greater than the thickest moulding at 
room temperature. Indeed, brittle cracking was only achieved 
under particularly exacting conditions in a bath of liquid 
nitrogen (to increase the yield stress) indenting with a very 
large diameter ball-bearing at forces approaching the limits of 
the testing machine but all this produced cracking which was 
unstable, catastrophic and explosive: the reverse of what is
ideally required for a reliable, repeatable shop-floor test.
The sights of the project were then realigned on the 
traditional metal-based methods of testing fracture toughness 
and how they could be adapted to meet the special needs of an 
engineering plastic. Hence, a substantial part of this project 
was devoted to an assessment of the validity of using 
three-point-bend (TPB) and tension tests on single-edge-notched 
(SEN) bars cut from injection-moulded discs whose dimensions 
were comparable with those of commercially-available injection 
mouldings of about 3 mm in thickness. Additionally, it was 
hoped that such fracture-mechanics methods might detect 
molecular orientation effects.
The industrially familiar injection-moulded disc of 
various thicknesses was chosen for the tests because it was 
readily available. Such mouldings were routinely made to 
demonstrate how polymer grades behaved when injected into a 
moulding. A number of gate configurations were possible. A 
simple single edge-gated arrangement was selected so that real 
variations in polymer properties due to orientation and packing 
in an injection-moulding could be more easily identified and 
studied.
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Already, within ICI, such disc mouldings were being cut 
into bars and used in three-point-bend and tensile tests to give 
Mode-I stress-intensity factors, Kxc* However, this further 
work, following and extending ICI ’ s earlier experiments, showed 
initially that the stress-intensity factors apparently
increased with increasing fracture-mechanics width, w. Such a 
trend would contradict the established assumptions of linear 
elastic fracture mechanics on which the tests were based and 
therefore needed closer investigation.
This industrial adaptation of the three-point-bend (TPB) 
and tensile tests of single-edge-notched (SEN) bars to the
special circumstances of thin-section injection mouldings was 
examined in detail. An independent method of assessing the 
validity of these fracture-mechanics tests was developed to show 
whether these tests complied with the underlying linear-elastic 
assumptions.
Fracture toughness is an ambiguous name because it is 
often used to describe both of the fracture mechanics values, 
critical stress-intensity factor and critical strain-energy 
release rate which, in their different ways, measure a 
material’s resistance to crack growth. This study is concerned 
with Mode-I (crack-opening) experiments to determine these
fracture mechanics values for the thin sections which are 
typical of injection-moulded polymers like polyethersulphone.
Measurement of fracture toughness as its stress-intensity 
factor is based upon international standards (ASTM and BSI) 
developed for testing metals under plane-strain conditions to 
produce macroscopically brittle fractures. Moreover, these 
tests are made on specimens with thick sections in which metals 
are readily available but which are unusual for
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injection-moulded polymers.
For these fracture-mechanics tests very thick specimens 
give square-section fractures typical of plane-strain conditions 
and avoid plane-stress conditions which cause slant fractures 
attributed to thinner specimens. Indeed, it is a condition of 
the standards that plane-strain conditions are ensured by making 
the specimen’s dimensions much greater than the predicted
plastic zone size for the material. However, the calculation of 
this plastic zone size does itself depend upon knowing the value 
of the critical stress-intensity factor which means that this 
condition is dependent, to some degree, on the critical 
stress-intensity factor being sought in the test.
The main route to validation for thin-section 
fracture-mechanics tests was by independent measurement of the 
fracture toughness values characterized by critical Mode-I
stress-intensity factor and the corresponding critical 
strain-energy release-rate from which was derived a Young’s 
modulus value. This derived modulus could then be compared with 
the directly measured values of Young’s modulus for the polymer 
and should agree with it for the linear-elastic assumptions of 
the test to be upheld.
Another aspect of the fracture-mechanics tests worthy of 
further investigation was the effect of rate of energy
dissipation which was broadly typified by two extreme styles of 
fracturing: explosive and controlled.
The three-point-bend and tensile tests were explosive in 
character and consequently only generated the data of a sudden 
single-event: one specimen, one test in ”one-shot”. Hence, only 
one associated value of critical stress-intensity factor and 
critical strain-energy release rate was possible for each test.
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There was also a doubt about whether a notch caused the same 
kind of fracture as a well-formed crack in PES.
The other style of fracture-mechanics measurement was 
made by treating the whole disc as a compact round testpiece 
with the crack grown along a diameter under control slowly. The 
crack could be observed and measurements made on the crack as it 
grew. Independent values of both stress-intensity factor and 
strain-energy release rate were calculated from the sample 
produced by the sequence of measurements made on the progression 
of the crack. In addition, the speed at which the crack was 
propagating was also calculated. Overall, this style of test 
produced results which were self-consistent which was not true 
for the explosive tests.
The tensile yield stress was directly measured and in 
combination with the stress-intensity factor allowed the size of 
the plastic zone to be estimated for comparison with the 
published values for the observed length of craze caused by 
yielding of PES at the crack-tip. The plastic zone size should 
also be very small in comparison to the dimensions of the 
testpiece for the fracture-mechanics test of PES where 
conditions of linear-elasticity and plane-strain are to be 
considered equivalent to the standards based on metals. Indeed, 
from these relationships the minimum dimensions for such 
testpieces can be calculated.
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2. POLYETHERSULPHONE (PES) STRUCTURE AND BEHAVIOUR
The ability of polyethersulphone to be injection-moulded 
into components which remain stable, load-bearing and rigid up 
to about 180 °C makes PES a suitable candidate for replacing 
traditional engineering materials, like metals, which already 
meet such high temperature requirements. Engineering polymers 
like PES, being less dense than metals, bring the additional 
benefit of producing a lighter component than its metal 
counterpart. Furthermore, if sufficient quantities of the 
replacement injection-moulded component are required, the unit 
cost of the component is likely to be smaller.
Polyethersulphone belongs to the newer class of 
thermoplastics whose main-chain carbon atoms are in phenylene 
rings. Such aromatic chain polymers, like polycarbonate, 
polyethersulphone and polyetheretherketone, have less flexible 
polymer chains and, as a result, higher softening temperatures, 
thermal and oxidative stability, and toughness. (See Rose 1984).
By contrast aliphatic chain polymers, like 
polymethylmethacrylate, have distinctly flexible carbon chains 
in their structure that can change their shape, or conformation, 
by rotations about single covalent carbon-to-carbon bonds. The 
energy barriers to such rotations are usually small enough to be 
overcome by thermal energy at moderate temperatures up to about 
100 °C resulting in lower softening temperatures.
Aromatic polymers usually have their carbon atoms bound 
into phenylene rings for which no rotation is possible about the 
bonds between the ring’s carbon atoms. The ring forms a flat 
hexagon so the polymer chain’s flexibility can only exist where 
the linking groups allow it. Hence, polymer chains containing 
aromatic rings tend to be far less flexible because
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conformational changes are much more difficult. Generally, this 
confers on the aromatic chain polymer higher glass transition 
temperatures, Tg, than the aliphatic chain polymers.
Although the glass transition temperature could be raised 
for aliphatic polymers by introducing bulky side groups (like 
phenyl groups) into the repeat unit because they reduce chain
flexibility by increasing barriers to rotation about chain
bonds, Rose (1984.) noted that the consequence was a large loss 
of toughness as the size of the side group was increased. The 
inherent chain rigidity of aromatic polymers ensures that their 
glass transition temperatures are 150 "C and above without loss 
of toughness, presumably because some rotation about bonds is 
still possible under applied stress. Thus aromatic polymers
combine high working temperature with toughness which was 
unavailable from simple developments of aliphatic polymers.
Rose (197&) suspected that phenylene groups linked by 
sulphone groups to form poly(phenylene sulphone) was too rigid 
to be thermoplastic because it decomposed before melting at 
above 500 °C. More flexible inter-ring linkages were then 
incorporated by introducing aryl ether linkages. As the 
proportion of these linkages was increased, the Tg of the 
resulting poly(arylene ether sulphones) was reduced and the 
thermoplasticity increased. Improved thermoplasticity insured 
that the resulting polymer would still be injection-mouldable 
within the temperature range of the available conventional 
equipment.
Further development lead to the synthesis of ICI1s 
Victrex polyethersulphone grades.
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2.1. PES Molecular Structure
The molecular structure of the PES repeat unit is shown 
in Figure 2.1 together with those of selected alphatic and 
aromatic chain polymers. Attwood, Barr, King, Newton & Rose 
(1977) and Attwood (1973) have reported in detail on the 
preparation and structure of PES.
Some of the PES 300P used for the injection-moulding of 
discs for the fracture mechanics tests was analysed by gel 
permeation chromatography (GPC). The molecular weight 
distribution was found to be bimodal and is shown in Figure 2.2. 
The lower molecular weight peak was identified as belonging to 
linear PES and the much smaller, higher molecular weight peak 
was attributed to branching of PES by comparison with Attwood, 
King, McKenzie & Rose (1977) where impurities were thought to 
have caused the side reaction responsible for the branching of 
the PES.
The number average molar mass, Mn , found by GPC for 
PES 300P was 14 298 u. Assuming the PES repeat unit has molar
mass of 232.2 u, the average degree of polymerization (DP)
would, therefore, be 61. This DP is almost identical to the 
value of about 60 reported by Attwood, King, Leslie & Rose 
(1977)* and indicates how consistent the polymerization appears 
to be between these two samples of PES.
It is noticeable how small the DP is in comparison with,
for example, PMMA for which Perspex has a DP of about 7 100
based on Bowden’s (1973) GPC data. The number average molar 
mass for Perspex was quoted as being 710 000 u.
In Gordon (1963). the length of the single C-C covalent 
bond was given as 154 pm. On the basis that C-O and C-S bonds 
were of a similar length, it was possible to estimate the
-2.4- 2pesabl-sth0
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FIGURE 2.2. Molecular weight distribution for PES 300P used in injection-moulded discs. 
Gel permeation chromatography (GPC) was used to analyse sprue pieces from the injection- 
-mouldings by Dr S. R. Holding of RAPRA. Measurements were made at 80°C with PES in a 
0 - 2 %  concentration in N, N-dimethylformamide solvent. GPC is a comparative technique that 
treats the sample as if  it were of the same polymer type as the calibrants: for this system, 
poly (ethylene glycol) and poly(ethylene oxide). Hence the stated molecular weights can be 
only a crude guide.
The molecular weight distribution is bimodal. The secondary, higher molecular 
weight, peak is considered to be due to a structural aberration like chain branching caused 
by a side reaction (Attwood, King, McKenzie & Rose (1977)). Mp = 14 298 U; Mw = 543 135 u
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lengths of the macromolecules. The estimated length of the PES 
macromolecule was much shorter than its PMMA counterpart: about
90 to 100 nm for PES compared with about 2 jjm for the Perspex 
macromolecule. However, the length of such macromolecules would 
be in a tangled random coil rather than totally stretched out in 
a straight line.
Polyethersulphone is an amorphous polymer that is 
optically transparent, although coloured amber. The transparency 
of the polymer is a consequence of the molecular chains being 
randomly distributed and without boundaries or crystals from 
which light could be scattered or reflected. The only 
indications of any crystallization being possible were seen in 
X-ray diffraction patterns for samples of PES which had been 
treated with certain solvents but even these signs disappeared 
when the solvents were removed (Attwood, King, Leslie & Rose, 
1977).
Indeed, the amorphous state of polyethersulphone was a 
surprise to Attwood et al because they had expected PES to 
behave more like the similarly structured polymer, 
polyetherketone, which ”... crystallizes readily from the melt”. 
They concluded that there were two major reasons why PES did not 
crystallize.
First, the configuration of the sulphone group is 
tetrahedral forming an angle of 105 ° in the C-S-C linkage of 
diaryl sulphones. The other inter-ring linkages, C-O-C of 
diaryl ethers and trigonal configuration of diaryl ketone 
C— (C=0)—C, both have substantially larger angles of about 120 °. 
Thus, because the angles are similar, polyetherketone could 
crystallize even by stacking ketones over ethers but such an 
arrangement would not be possible for sulphones because of its
-2.6- 2pesabl-sth0
FIGURE 2.3. Example of an injection-moulded 6.1 mm thick 
disc of PES 300P. The polymer was injected through a single 
gate situated on the edge of the disc. The remains of the 
sprue can be seen on the right hand side of the disc where 
the gate was also located. Notice tha t this disc contains 
dark specks which are likely to be flakes of iron oxide from 
the barrel of the injection-moulding machine.
Polyethersulphone Structure and Behaviour
more acute angle.
Secondly, the fact that the glass transition temperature 
of PES is 85 “C greater than that of polyetherketone indicates 
that PES chains are less mobile, being more rigidly bound, and 
therefore unable to easily adopt a configuration that would fit 
into a lattice structure.
2.2. Injection Moulded PES Discs
The original intention of the project was to study the 
fracture toughness of PES within typical injection-mouldings and 
its relationship with polymer orientation. A simple kind of 
injection-moulded disc, in which the molten polymer was injected 
into the mould from a single gate on its edge, was already
popular within the industry as a sample-piece for displaying a
polymer’s ability to be injection moulded. This moulded disc 
had a pattern of polymer flow that could be compared easily with
the localized tests that were proposed for PES. Hence, this
single-edge-gated injection-moulded disc was adopted as the 
standard injection-moulding for the fracture-toughness tests on 
PES.
Four thicknesses of disc were moulded from PES 300P 
ranging from 1.9 mm to 6.3 mm. Figure 2.3 shows one of the
6.1 mm thick discs, mass 86 g, with a moulded diameter of 113 mm 
which tapers slightly across the thickness, as in all the 
injection-moulded discs, to ensure a quick and easy release from 
the cavity side of the mould. This disc was moulded on a Bone 
Craven injection-moulding machine from PES 300P granules which 
had previously been dried in an oven for three hours at 150 °C. 
The molten PES 300P at 360 "C was injected under a pressure of 
up to 50 MPa into the disc mould which was kept at a temperature
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of about 120 °C and clamped together with 20 MPa of pressure for 
the cycle of 40 s before the hot moulded disc could be removed 
and allowed to cool in air to room temperature (c. 20 "C),
Inevitably, in reaching and maintaining the optimum 
moulding conditions for each thickness of disc, some of the disc 
mouldings were discarded because they did not fill the mould 
properly or were contaminated. In the end, those discs that 
were accepted for testing were of commercial quality: sometimes
containing a few tiny flakes of iron oxide, some specks of dust, 
some superficial surface scratches, and undoubtedly some 
residual stress —  all of which would really exist to a small 
degree in industrially produced injection mouldings.
Fracture toughness tests were made on these untreated 
commercial quality mouldings. Only, a few discs were annealed 
in an attempt to remove residual stress which was conspicuous 
when the unannealed disc was viewed through crossed polaroid 
sheets. Such annealed discs, by the same criterion, had much 
reduced residual stress and performed better in whole-disc 
fracture toughness tests.
The injection-moulded discs were stored until they were 
needed for testing at room temperature and humidity (c. 20 °C
and 50 % r.h.) in cardboard boxes which excluded light and, 
therefore, degradation by ultraviolet light.
The PES 300P grade is described in ICI literature as a 
higher viscosity form of PES 200P (the unfilled general-purpose 
injection-moulding grade) but giving improved chemical 
resistance at the expense of a slight loss in melt flow 
properties and intended for injection-moulding high performance 
components which, also, would benefit from its improved creep 
resistance at high temperatures.
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Injection-moulded PES is an example of the polymer in its 
glassy state. In effect, the disorder and space occupied by the 
energetic molecules in the molten state is frozen into the 
glassy state. Furthermore, because the polymer has been 
quenched suddenly the molecules are not in equilibrium for the 
temperature they have been quenched to.
Generally, because the glassy amorphous solid has its 
volume partly occupied by randomly arrayed molecules, the 
remainder is ’’free" or unoccupied volume, which has been largely 
associated with the ends of the molecules. This free volume is 
considered necessary for molecular motion by rotation or
translation to occur. The glass transition temperature is that 
critical temperature at which there is insufficient "free 
volume" for molecular manoeuvre and the glass structure is 
frozen into the matrix (Roberts & White, 1973).
The injection-moulding process causes two further 
effects: orientation of the polymer molecules, and residual
stresses because of differential cooling between the surfaces 
and core of the moulding.
In discussing molecular orientation for PMMA and PS, Ward 
(1983s chapter 1) pointed out that X-ray diffraction 
measurements revealed no sign of three-dimentional order for 
oriented samples of these polymers although optical measurements 
were thought to detect the orientation. Hence, their oriented 
structure was regarded as an elongated tangled skein of the 
molecules. A similar kind of structure is expected for the 
orientation of molecules produced by the flow of PES into the 
mould.
Polymer molecules become oriented in injection-mouldings 
as the injected polymer expands into the mould from the gate.
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(a ) Section of disc along diameter through gate:
(b) Layers.
Top surface layer:
Transition zone: 
(not shown)
Inside body of 
moulding:
Transition zone: 
(not shown)
Bottom surface  
layer:
^ T o p  
Bod y 
v  Bottom
FIGURE 2.4. Approximate pattern of flow and orientation frozen  
into the single-edge-gated disc injection-moulding used as a standard 
representative injection-moulding in this project. ( Not to scale.)
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The interaction of the polymer with the mould is like "blowing" 
a fluid bubble into the constraining shape of the mould. In the 
disc mould a divergent laminar flow is produced as the polymer 
melt swells out into the mould from the gate. The polymer
forced against the walls of the mould freezes and polymer
continues to fill the mould through a central channel between 
the frozen polymer layers. When the limits of the mould have 
been reached the polymer is packed into the central channel. 
Gilmore & Spencer (1951) photographed how polystyrene filled a 
2-inch diameter 0.1-inch deep moulding from an edge by such 
divergent laminar flow. More detail is given by Mascia 
(1982: chapter 9).
The pattern of polymer flow corresponds to the molecular 
orientation. Orientation in the surface layers of the disc is
with the radiating flow from the gate and becomes transverse in
the core where the polymer is packed in. Figure 2.H gives a 
simplified diagram of these layers. Such layers are revealed in 
fibre filled mouldings with the fibres showing the general 
orientation of the melt, and have even been reported in unfilled 
injection-moulded aromatic polyesters from X-ray diffraction 
studies (Blundell, Chivers, MacDonald & Love, 1 9 8 7).
Birefringence within mouldings also indicates molecular 
orientation and the layers within a moulding as Cole (1975) 
showed for a flash-gated plaque of low density polyethylene, and 
as Kent, Puttick & Rider (1981 a & b) showed for PS and PMMA 
injection-mouldings. Further examples are given by Mascia.
Figure 2.5 shows the birefringence across the thickness 
of an injection-moulded disc of PES 300P which is slightly 
different from the disc used as standard for the project because 
it also had a notch moulded into it but the birefringence shown
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FIGURE 2 .5 . Birefringence profile across fu l l  thickness of 114 mm 
diameter, injection-moulded PES 300P disc at a site in the body of 
th is ' ta b le t '  moulding away from the moulded-in notch and edges.
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is away from this moulded-in notch. The changes in the fast 
direction for the birefringence is associated with the layers in 
the moulding. However, both the relationship of birefringence 
to molecular orientation and the effect of residual stress, due
to differential cooling, on the overall birefringence pattern
are not yet fully understood for PES.
2.2.1. Value of empirical impact tests on mouldings
The loaded dart impact test was one of the tests carried 
out on the injection-moulded PES discs. It is an example^/the 
empirical tests used by the industry. It was used to show that 
discs with ’’splash" marks on the surface of the moulding 
required less energy to break under impact than "good" disc
mouldings without "splash" marks. In Figure 2.6 the results of
impact tests show that there was even a difference in impact 
resistance according to which side of the "good" moulding was 
struck! It was for this reason in fracture-mechanics tests that 
care was taken to notch from one face of the moulding only, the 
cavity face being chosen.
However, because the impact test is restricted to the 
particular circumstances of the test it can only be used to
compare similar events like identical sizes of discs of
different materials, or as shown in Figure 2.7 how the
resistance to impact in this test improved as the the thickness 
of the disc was increased. Unfortunately, this information is 
not directly useable in designing a differently structured
component to predict its fracture resistance under impact. For 
this reason, fracture mechanics values are sought.
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FIGURE 2.6. Impact best's on 'good1 disc mouldings of VICTREX 500P-HBC73-PES0045 
( 5 m/s, 23-1 °C, Relative humidity = 51 % ) Disc thickness = 3-31 +0*04mm.
0 (a) Onto moving, cavity-side face of moulding
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where y is  break energy and x is disc thickness. 
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FIGURE 2.7. Plot of Ig ( Break energy) against IgtDisc thickness) for  
loaded-dart impact tests. Tests were made onto the cavity-face of 
114-mm-diameter, side-gated., injection-moulded PES300P discs supported 
on a 50 mm internal diameter ring. The impacting tip  of the dart was 
hemispherical of 12 *7 mm diameter and impact speed was 5 m s .  The 
tes t temperature was c.23°C and relative humidity 5 0 % .
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2.3* Dynamic Measurements for PES Young’s Modulus Values
Measurement of the velocity of ultrasound which has short 
duration and imparts small stresses and strains to moulded PES, 
tests the elastic properties of the glassy polymer and greatly 
reduces the viscoelastic effects. The ultrasonic determination 
of Young’s modulus and Poisson’s ratio, therefore, produces 
useful values for comparison with those from more direct 
mechanical experiments which apply loads for longer durations in 
which viscoelastic effects become more important (see 
Chapter 10).
Viscoelastic creep is also reduced when the temperature 
of the material is reduced. Young’s modulus value increases at 
lower temperature in the dynamic modulus results. However, 
structural information can, also, be gained from the dynamic 
moduli: the loss modulus shows the effect of relaxations taking 
place within the molecular structure as the polymer is cooled.
2.3-1. Ultrasonic determination
Both the value of Young’s modulus and Poisson’s ratio 
have been calculated for PES from values of the velocity of 
longitudinal and shear waves in an infection-moulded disc of PES 
assuming the material to be elastically isotropic. It was also 
possible to examine different positions round the disc and 
compare these two velocities for each position.
An untreated disc of 113 mm diameter and 6 mm thickness, 
moulded from PES 300P, was used. Four positions in the body of 
the disc were chosen, each about 20 mm from the edge of the disc 
and set at 90 ° intervals round the disc starting in line with 
the single, edge gate of the disc.
Measurement of the velocity of ultrasound was made
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between probes fitted across the thickness of the disc. One 
probe was the source of longitudinal, ultrasound pulses and its 
pair on the opposite side detected these pulses. The time taken 
for the pulse to cross the thickness of PES was measured three 
times at each location as was the corresponding thickness, and 
from these values the velocity was calculated. A similar
procedure was adopted for the shear wave measurements after 
shear wave probes had been fitted. Measurements were made at
room temperature, about 20 "C.
The pulse of ultrasound was identical for both
determinations: it consisted of several cycles of 2.5 MHz with a
bandwidth of 1 MHz. The time for the pulse to cross the disc’s
thickness was found by measuring the time delay created by 
introducing the disc between the probes. A reference crossover 
point in the pulse * s waveform was used to measure the delay 
compared with the probe pair pressed together and making good 
contact.
No significant difference was found between the
longitudinal velocity values at the four locations on the disc; 
the same was also true of the shear velocity values. The
longitudinal velocity, vL, in PES was 2 286 ± 71 m e ~ 1 and
the shear velocity, vs , was 918 ± 2 m s_1. Poisson’s ratio, 
v, was calculated to be O.tlOti ± 0.025. In order to calculate 
Young’s modulus, the density, p , of PES was taken from ICI 
Victrex literature (1978) to be 1 370 kg m“3 and an estimated 
precision of ±ll % was assumed. Young’s modulus, E, was found to 
be 3.2^ ± 0.28 GPa.
Expressions used to calculate Young’s modulus and 
Poisson’s ratio were derived in terms of vL and vs from the 
initial definitions given in terms of the relevant components of
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the forth-rank tensors for elastic stiffness, cijkl and 
elastic compliance, si^jkl:
V L = <cn / p ) 1/ Z i vs = (c 44//?)1/2;
E = 1 / s n  and v = - s ^ / s ^ .
Elastic stiffness and elastic compliance constants were 
eliminated by using the equations given by Nye (1957) for cubic 
systems:
C11 = (B11 + s21)'/(sll ” e12) (sn  + 2s12);
C HU =
and assumptions about isotropic media that:
2(s-^^ — = s 44*
and s12 = s21.
The resulting expressions for Young’s modulus and
Poisson’s ratio were:
E = p v f*(3 - M v s / v l )2 )/( (v l / v s )2 - 1);
v = (1/2 - (v s / v l )2 ) / ( 1  - (vg/vL )2).
In 1958, Irwin reported that there appeared to be a 
simple reationship between the limiting velocity of a running 
crack in a brittle material and the material’s elastic shear 
velocity: a crack could run at up to about half the shear
velocity. Thus a crack in PES might be expected to reach
cracking velocities of m s-1. In 1959. Schardin published
his work on inorganic and organic glasses. Although he
confirmed the relationship for brittle glasses, he found that a 
thermoplastic increased its maximum cracking velocity with 
applied tension. Since the same is likely to be true for PES 
the limiting value of 459 m s”1 can only be considered a rough 
indication of the velocity that might be attained.
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2.3.2. Dynamic moduli analysis with temperature
The results of ICI*s dynamic modulus experiments with 
temperature for PES 300P are shown for Young’s modulus and loss 
modulus in Figure 2.8. The detailed results are given in 
Table 2.1
Young’s modulus decreases rapidly from 3.8 to 2.8 GPa 
between -14-0 to -60 "C and then gradually to about 2.0 GPa at 
210 °C. The modulus suddenly drops as the glass transition 
temperature. Tg = 225 *C, is reached and falls to 0 .0 U GPa at 
2/10 °C.
The loss modulus variation with temperature shows the 
influence of molecular structure. Boyer (1975) reviewed the 
general pattern of dynamic moduli for thermoplastics and 
summarized the probable molecular behaviour for the major peaks.
There are three peaks of particular interest: the alpha, 
beta and gamma peaks. The alpha peak occurs at and above Tg. 
It is associated with the coordinated movement of 10 to 20
monomer units. The beta peak at about 0.75 of Tg (in degrees
K) is associated with motion of monomer units about the chain
backbone and motion of side groups like those found in PMMA.
Johnson & Radon (1972) made a particular study of these 
relaxation peaks for PMMA in fracture. The gamma peak is found 
at much lower temperatures and indicates the movement of small 
groups of atoms.
In PES 300P*s loss modulus plot, a large alpha peak 
occurs at 230 °C and a small gamma peak, at about a quarter of 
the alpha peak, occurs at about -75 "C. The beta peak appears 
to be absent and since it is strongly associated with the 
rotation of side groups which are not present in the repeat unit 
of PES, its absence confirms the lack of such side groups in the
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Table 2.1. Dynamic Moduli for PES 300P
Temperature Frequency Damping Young* s tan S Loss
Modulus Modulus
E * =E**/E * E"
°C Hz GPa MPa
- m o 26. 7 2k 3. 829 0. 007 26
-125 26. 5 29 3-743 0. 008 32
-100 25. 6 67 3- 453 0. 021 75
-90 25. 0 87 3.256 0. 029 97
-80 2k, 5 99 3.105 0. 035 111
-75 2k. 1 100 2. 994 0. 037 112
-70 23.7 97 2. 887 0. 037 108
-60 23.3 81 2. 782 0. 032 90
-50 23. 0 6k 2. 680 0. 026 71
-25 22. 3 42 2. 515 0. 018 47
0 21. 8 37 2. 388 0. 017 41
25 21. 5 36 2. 296 0. 017 40
50 21.1 29 2. 206 0. 014 32
100 20. 6 25 2. 090 0. 013 28
150 20. 5 21 2. 062 0. 011 23
200 20. 5 31 2. 062 0. 016 34
210 20. 1 51 1. 978 0. 028 57
220 18. 0 161 1. 544 0. 117 180
230 11. 2 353 0.557 0. 711 396
235 5.8 187 0. 128 1. 628 209
2/10 3.7 41 0. 036 1. 269 46
Measurement 
Courtesy of
made on bar, 
P. Willcocks,
dimensions 
ICI pic,
: 12.00 mm x 
Welwyn Garden
10.31 mm 
City.
x 1.68 i
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PES repeat unit.
Furthermore, the pattern of these results is confirmed in 
the loss factor against temperature plot of Ting (198 1) from his 
torsional pendulum analysis for dynamic shear moduli on PES.
2.4. Fracture Behaviour and Crazing in PES
The progress of a crack can be interpreted from its 
fracture surfaces. Features seen on fracture surfaces of 
different materials like metals, plastics and ceramics are often 
similar although differing in degree. Kies, Sullivan & Irwin 
(1950) examined and explained some of the markings seen on 
fracture surfaces of such materials. Surface features 
particular to polymers are described by Andrews (1968:
chapter 6).
An observation of particular importance for glassy
thermoplastics like PES was made by Berry (I960 & 1962) on PMMA. 
He saw interference fringes on the fracture surfaces which 
indicated that the surfaces were covered with a layer that was 
less dense than the underlying body of PMMA. Kambour (1966a) 
examined the fracture surfaces of nine glassy polymers and found 
a similarly less dense layer on each polymer’s fracture surface.
Using PMMA and PS, Kambour (1966b) demonstrated that 
cracks in these glassy thermoplastics were preceded by the
formation of a craze structure at the crack-tip and that the 
less dense layers on the fracture surfaces were, therefore, the 
broken remnants of the craze produced as the crack moved forward 
into the craze wedge. Moreover, the energy of crack propagation 
could be explained largely in terms of the plastic and elastic 
deformation of the craze.
Rabinowitz & Beardmore (1972), Kambour (1973) and Kinloch
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& Young (1983: chapter 5) have reviewed the formation and
morphology of crazes. Crazes in glassy polymers form at the tip 
of a sharp flaw under tensile stress. The stress at the tip of 
such flaws causes localized yielding of the polymer. Microvoids 
are formed in the body of the yielded material which 
concentrates the loading through the bridges of material in the 
craze between the unyielded body of material. Yielding of the 
craze continues under tensile stress: microvoids grow as the
bridges are progressively drawn out until the remaining fibrils 
start to break at the tip of the flaw and the crack enters the 
craze material which is in the shape of a wedge. More yielding 
occurs at the tip of the craze; together, the craze wedge moves 
forward and the crack-tip moves forward.
This cycle of events is of particular importance for 
glassy polymers like PES in the context of the Mode-I fracture 
mechanics tests investigated in this project. The practice in 
fracture-mechanics tests is to introduce a severe artificial 
flaw, as close as possible to a sharp crack, produced, for 
example, by a sharp notch or by precracking with a blade. This 
flaw is then deliberately loaded in tensile stress to grow a 
crack opening from the flaw-tip. Thus, such brittle fractures 
are grown from a craze wedge by a localized process which is 
microscopically ductile.
Glassy polymers, like PMMA and PS, broken in this manner 
do not show gross yielding of the testpiece and the fracture 
surfaces are similarly of an overall brittle nature with such 
yielding and drawing that does occur being confined to very fine 
surface textures. Where larger brittle features occur, like 
steps and splinters, this can be understood from the growth of 
cracks from a bundle of crazes observed to form at crack-tips
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under certain conditions. A convincing explanation of fracture 
surface features for glassy polymers in terms of the craze 
mechanism was given by Doyle, Maranci, Orowan & Stork (1972) and 
Doyle (1975 & 1983).
Fracture surfaces of PC and PES broken in air at room 
temperature also share the same kind of macroscopically brittle 
surfaces with finer microscopic evidence of yielding. Jacoby 
(1969) has published micrographs of such surfaces for PC while 
Ting (1 9 8 1) shows examples of localized yielding on the surfaces
of sulphone polymers which were similar to those seen during the
project on PES and on ICI micrographs (Jones, 1982) of broken 
SEN bars of PES.
PES has been shown to craze before cracking in 
experiments similar to those of Kambour (1966b) in which the 
narrowly spaced interference fringes at the tip of a crack in 
the craze region of PES are plainly distinguishable from the 
widely spaced fringes in the crack and the absence of fringes in 
the body of the PES. Photographs of this evidence of crazing is 
given in Hine (1981), Hine, Duckett & Ward (1981) and Hine, 
Duckett & Ward (1984).
How the craze grows in PES is not yet completely
understood but Plummer & Donald (1987) believe that growth is
simply determined by the disentanglement of its polymer chains. 
By comparison, in polymers like PS, craze growth is though to be 
determined by chain scission at entanglements.
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Even when materials like thermoplastics and metals are 
not perfectly elastic it is possible to apply classical elastic 
theory and obtain useful results provided that the extent of 
plastic deformation is tiny when compared with the size of the 
testpiece so that linear elastic behaviour is predominant. 
Linear elastic fracture mechanics assumes that the material 
undergoes small strains and obeys Hooke's law. This is the case 
for PES and the analysis of linear elastic fracture mechanics 
can be applied to this plastic-elastic material in a similar way 
as it has already been applied to metals —  see ISI (1 9 6 8), 
Knott (1973). IMechE (1978), Broek (1978) and Williams (1984).
The standard methods of testing for fracture toughness in 
metals, ASTM (1981) and BSI (1977). were designed to produce a 
Mode-I (crack-opening) test without significant signs of 
yielding but in order to do this the testpieces become massive 
and incompatible with the dimensions of the commercially 
available injection-mouldings being assessed in this project. 
Hence, non-standard dimensions were used for the Mode-I 
testpieces of PES with checks on the elastic behaviour being 
made by comparing the directly measured value of Young's modulus 
with the modulus derived from the fracture mechanics values. 
The size of the plastic zone predicted from fracture mechanics 
could also be compared with the craze length and the size of the 
testpieces and should be very small in comparison with the 
testpiece. The general shape of the compliance plot was also an 
indication of the elastic loading during the test.
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3.1. Origins of Linear Elastic Fracture Mechanics
The fundamental ideas in fracture mechanics were 
established by Griffith (1920 & 1924) in his investigation into 
the role of sharp flaws in brittle fracture. He assumed that 
the discrepancy between the theoretical estimate and the 
experimentally observed values of tensile strength, whose 
experimental values can be two orders of magnitude smaller, was 
due to the presence of very small cracks or flaws around whose 
tips the stress was concentrated and increased when the solid 
was loaded. Xnglis (1913) had analysed the elastic stress 
distribution around an elliptical hole in a stressed plate using 
classical methods of elasticity and had predicted such a stress 
concentration.
Griffith drew upon Inglis's analysis by regarding the 
flaws as very small narrow elliptical holes. By considering 
crack growth of one such flaw in an externally loaded infinite 
plate he was able to postulate that the crack would propagate 
through the plate if, for a small increment of its length, the 
release in elastic strain energy became equal to the energy to 
form new surfaces.
He reasoned that the total energy balance, U, due to the 
crack growth would be the sum of the elastic strain energy 
released, Ue , and the surface energy absorbed, UB , in 
creating the two new surfaces of crack. The infinite plate of 
breadth, b, was assumed to bear an applied, uniaxial, tensile 
stress, o, and a crack of length 2a was produced in it normal to 
the direction of the applied stress. The material of the plate 
had Young’s modulus, E, and free surface energy per unit area, 
T.
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Thus the energy balance was:
U = Ue + Us = -7to2ba2/E + &Tba.
The critical condition occurs as U reaches a maximum for 
the area of crack, A = ba, produced when dU/dA = 0 or, allowing 
for the geometry, when (1/b)dU/da = 0.
Hence this equilibrium condition becomes:
27ioza/E = k T.
So for the crack to propagate using the elastic energy released 
from the stressed plate, the applied stress and crack length 
should satisfy the equation:
a = (2ET/7ia)1/2. —  3.1
Equation 3.1 assumes that the thickness (breadth) of
plate, b, is small compared with the crack length so that
plane-stress conditions exist. If the plate was so thick that 
lateral elastic contractions were prevented the Young's modulus 
value, E, in Equation 3.1 would need to be replaced by the 
modified modulus, E/(l - v2 ) where v is Poisson’s ratio, to 
ensure that plane-strain values were calculated.
Griffith verified his theory on glass, a known brittle 
material, by performing breaking tests on thin round tubes and 
spherical bulbs which had cracks introduced into them before 
they were broken by internal pressure.
3.1.1. Adjustments for small-scale plasticity
Irwin (19/18) and Orowan (1952) from their work on brittle 
fracture of steel reported that the energy required for the
crack to grow was much larger, by about three orders of
magnitude, than the surface energy to create the new free 
surfaces. This large discrepancy in energy needed for fracture 
was due to plastic deformation occuring in a volume localized at
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the tip of the crack and advancing ahead of the crack-tip. 
Orowan estimated the depth of plastically deformed layers in the 
fracture surfaces of steel by X-ray back reflection which 
together with other X-ray evidence from cleavage facets of 
ferrite (Klier et al, 19*18) cited by Weiss & Yukawa (1965) 
confirmed the view that the energy balance primarily existed 
between the elastic energy release and the plastic work done in 
crack propagation.
Berry (1961 & 196*1) reported experiments in which 
precracked tensile bars of PMMA and PS were broken under 
tension. He found that even in these thermoplastics the 
Griffith criterion was obeyed because the tensile strength, a, 
varied as the square root of the reciprocal of the crack length 
or (1/a)1/ 2 .
The predicted relationship of Equation 3.1 between the
applied stress and the crack-length agreed well with the
experimental evidence so by adding a plastic work factor, P, to
the surface energy, T, the relationship was adapted to serve
)
plastic-elastic materials (Weiss & Yukawa) y _
a = (2(T+P)E/7ta)1/2 
= (RE/7ia)1/2
= (GICE/7ia)ly/z —  3.2
where the fracture toughness or crack-growth resistance 
R = 2(T+P)and is also equal to the Mode-I (crack-opening) 
critical strain-energy release rate, g j c * provided strain 
energy is not lost, for example, in the kinetic energy in the 
fragments of the testpiece.
Equation 3.2 can be re-expressed as a critical factor 
dependent upon the critical stress at crack propagation, a, for 
the crack length, 2a, modelled by the ellipse and a constant,
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rc1/ 2, associated with the extent and geometry of the infinite 
plate. This critical factor, is given by:
KIC = cKna)1/ 2 = (GjCE)1//2 
and, thus, this relationship can be presented as:
(Kjc)2 = E* G j q —  3-3.
3.2. Stress Distribution at Tips of Elliptical Flaw
Irwin (1957) derived the stress components of the stress 
field close to the flaw-tip by using Westergaard1s (1939) 
solution for Airy's stress function at an internal crack. Irwin
used a two-dimensional polar coordinate system with its origin
at the end of the crack with the angle e measured between the 
axis of the crack and the radius coordinate r (small compared 
with crack length 2a). The remote tensile stress was a while 
the localized stress components at (r,Q) were <*yy normal and 
axx parallel to the crack plane plus TXy in shear. A stress
intensity factor of Kj = o(7ta)1//2, for this Mode-I
stressing, has been substituted in these stress components: 
cxx = KI* (27Tr)-l/2. cose/2. (1 - sinQ/2. sin3©/2 )
Oyy = Kj. (27tr)-1/ 2. cose/2. (1 + sine/2. sin36/2 )
TXy =s Kj. (27tr) _1/ 2. sine/2, cose/2. COS36/2.
When r is larger and outside the immediate vicinity of the 
crack-tip, the full solutions including higher order terms must 
be used for these stress components. Details of the derivation 
are given by Broek (1978), Knott (1973). Paris & Sih (1965) and 
Smith (1978).
The distribution of the local tensile stress normal to 
the crack plane ahead of the crack-tip, at e = 0, is given by 
Oyy = Kj. (27ir)“1/ 2 —  3.4
and is singular (increases to an infinite value) as the
-3. 5- 3pefml-st0
Background to Linear Plastic-Elastic Fracture Mechanics
crack-tip is approached.
In an elastic material the critical stress condition for 
crack growth will be reached at the crack-tip when the remote 
tensile stress is sufficient for the crack to grow and this
depends upon the crack length and material. Thus if the stress
is measured as the crack starts to grow, the stress intensity
factor calculated for these values is critical for crack growth
in the particular material. This critical stress intensity 
factor, KIC, is a material property often also referred to ae 
fracture toughness.
If the material yields before it cracks, as it does in 
glassy PES at room temperature, the material must reach its 
yield stress value, Oy, before the crack can grow. By 
substituting Oy for ayy Equation 3* ^  the size of the
plastic zone, ry, ahead of the crack-tip can be estimated by:
ry = (1/271) . ( K IC/ O y ) 2 —  3.5.
3.2.1. Critical stress intensity factors and testpiece shape
In practice, the testpieces used to determine critical 
stress intensity factors (SIFs) have finite shape and size. The 
SIF is, therefore, calculated by modifying the expression used
for the crack of length 2a where KIC = 7t1//2. o. a1//2 to
KIC = Q*
= Y.a.a1//2 —  3.6.
Y is a geometry factor which takes into account the finite shape 
of the testpiece and whether the artifically introduced flaw is 
enclosed by the testpiece or is formed by a cut from one of the 
edges. The geometry factor can be expressed in terms of a 
modifying polynomial, Q, such that Y = 7t1//z.Q. Y is also 
expressed as a polynomial in a/w and these factors have been
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(b) Tensile test by gripping ends of SEN bar
(c) Round compact test of whole disc
Pulling force
Fracture-mechanics test configurations used.
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published for various geometries in handbooks such as that of 
Rooke & Cartwright (1976).
Rearrangement of Equation 3*6 allows a linear plot of the 
experimental parameters to be made, resulting in the gradient 
being the stress-intensity factor, Kic* Such a plot should, 
theoretically, have no intercept: it should pass directly
through the origin. The linear display in such plots would also 
be a visual indication of linear elastic conditions.
Williams (1981) recognized the usefulness of this kind of 
approach and applied it to a number of non-metallic materials 
including glassy polymers. He used this approach to find an 
average value of KIC for each material from the gradient of a 
plot of results in a number of "one-shot” complete-fracture 
tests of identical testpieces covering a range of crack lengths. 
The testpieces were single-edge-notched or surface-notched bars 
broken in tension or bending.
For this project on PES two testpieces as shown in 
Figure 3.1 were used: the single-edgeetched (SEN) bar and the
round compact whole disc with notch introduced along a diameter. 
The SEN bar was broken in three-point-bend (TPB) or in tension 
with the SEN bar pulled apart by its ends held in grips. In the 
round compact test the disc fractured along a diameter as pins 
located in the holes were pulled apart.
The SIFs for the SEN-bar tests were both calculated using 
Y-factors but for the disc testpieces the SIF was calculated 
using a combination of two factors in Newman’s analysis of the 
round compact testpiece given in Section 12.2. The Y-factors for 
both SEN-bar test configurations are detailed in 
Subsection 5.2.1.
In three-point-bend tests over a supporting span, s, the
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tensile stress, a, at fracture in the lowest layer of the bar 
was calculated from the bending stress formula by:
a = yM/I = 3fs/(2bw2 ) 
assuming that: the distance of the lowest layer below the
neutral axis y = w/2; the externally applied moment at fracture
M = f e / U where f was the force at fracture; and the second
moment of area for the rectangular bar was I = bw^/12. The
background to bending stress formulae is published in Ryder 
(1969: Chapter 6).
3.3. Critical Strain-Energy Release Rates
The purpose of the strain-energy release rate is to 
relate the elastic strain-energy released by the specimen in 
growing a new area of crack to the new area of crack produced. 
Thus, a measure of the energy required to grow new area is made.
In terms of dead-weight loading, because the weight can 
make unrestricted displacement all the work needed for complete 
fracture is available once the critical stress has been reached 
for a given area and, therefore, length of sharp natural crack. 
However, if the critical stress is applied by extending the 
specimen elastically to a fixed displacement and held at that 
fixed displacement the crack will propagate, strain-energy will 
be used to create new crack area and the remaining stress will 
also be reduced. Under these conditions because there is a 
limit to the strain-energy available to propagate the crack and 
provided the specimen is long enough, the crack will cease to 
grow until the specimen is further extended. These practical 
considerations govern the quality of the experiments done in 
fracture mechanics.
All the project work was done on machines whose
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displacement was increased to increase the extension of the 
specimen and thereby its stress and stored strain energy. There 
were, however, two kinds of approach adopted in carrying out the 
fracture mechanics tests: quasistatic controlled fracturing and
a traditional, empirical, explosive fracturing. These 
conditions were created in part by the speed of displacement
during testing. However, explosive fracturing was found to 
occur with the' combination of blunt, badly formed-cracks and 
stressing conditions, leading to a build up of excess
strain-energy which was explosively released when the material’s 
natural crack was fully formed and the crack instantly
propagated. The fracturing would usually be complete with the 
fragments energetic enough to fly out from the test.
3.3.1. Quasistatic controlled fracturing in round compact tests 
When a natural well-formed crack has been established, 
the crack can be made to propagate in a quasistatic manner using 
very slow pulling speeds. Hence, the strain-energy released to 
cause new crack growth can easily be identified and directly 
measured because the loss of energy in other forms has been 
minimized. Thus for crack growth in this Mode-I test the 
critical strain-energy release rate was:
GIC = dUe/dA = R.
Full details of this method and results are given in Chapters 12 
to Ik. It should be noted that critical stress-intensity 
factors, Kjc• measured under quasistatic conditions were 
smaller than those measured under explosive conditions.
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FIGURE 3.2. Direct plot of break energy against cross-sectional area 
broken in TPB tests of PES300P SEN bars. Fracture-mechanics width 
of bars was 6-2 mm and breadth was 6-4 mm. Bar-length orientation 
was 0 °  and notch-mode was INTO discs. Notch depths were measured 
using a travelling microscope. Crosshead speed was 1-67 mm s tor 
tests a t  23 °C and 50 %  relative humidity.
The strain-energy release-rate implied by the gradient of 
the line through the data is 110 ± 2-8 kJ m ( x ± s^r ) and intercept 
is -148 t  75 mJ (x + s^c). The data when used in the fracture-mechanics 
plot, break energy —  bw<£, puts Gj^ at 3 2 ± 0-3 k j  m and intercept 
at 18-2 ± 14-6 mJ (x ± s ^ ) .
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FIGURE 3.3 .  Direct plot of break energy against cross-sectional area
broken in tension tests of SEN bars of PES 300P. Fracture-mechanics
width of bars was 12 7 mm and breadth was 6-3 mm. Bars were cut from
injection-moulded discs with bar-length orientation of 0 °  and AX notch
mode. Notch depths were measured by mechanical probing. Pulling rate
was 1*67 mm s"^  a t 23*5 °C and 5 0 %  re la tive  humidity.
The stra in-energy re lease -ra te  implied by the gradient
of the line through these points is extraord inarily  large and a
consequence of this sudden to ta l-fra c tu re  test which does not account
-2 —
for lost excess energy. The gradient is 27*5 ± 12*8 kJ m ( x ±  s ^ )  
and the intercept is -920 ± 674 mJ {x± s^^).
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3.3.2. Explosive fracturing conditions in SEN tests
SEN bars were completely broken instantaneously in a 
test, in '’one-shot”. The notch was intended to be as sharp as a 
natural crack but, in fact, cutting the notch changed the 
material at the notch-tip leading to a situation where a sharp 
natural crack needed to form before crack propagation could take 
place. In principle, it should have been possible to plot break 
energy against the cross-sectional area broken for a range of 
crack lengths and obtain a gradient which would give an average 
strain-energy release rate. This kind of analysis has been 
attempted for PES SEN bars in TPB and tension tests and the 
plots are shown in Figures 3.2 and 3.3. The gradients from both 
plots are inconsistent by at least a factor of two. Moreover, 
both graphs show a positive intercept on the "cross-sectional 
area broken" axis for no break energy which suggests that no 
energy was needed to break small cross-sections. However, this 
interpretation was not consistent with experience.
A consequence of a delay in crack growth during a test, 
while a natural crack forms, would mean that the specimen would 
undergo extra straining because the displacement continues to 
increase at the set crosshead speed and therefore the 
strain-energy stored in the specimen would also be increased. 
Thus, when the specimen eventually breaks the extra energy would 
be dissipated in other forms like kinetic energy of the 
fragments. This means that the force-displacement record from 
which the break energy was measured contains more energy than 
was actually needed for crack growth and thus the break energy 
values are that much bigger. Hence the break energy to 
cross-sectional area plots would be distorted by this effect and 
cause the unexpected, misleading intercept value.
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Under the explosive conditions for Charpy-type pendulum 
impact tests, Marshall, Williams & Turner (1973)* Plati & 
Williams (1975) and Williams (19SH) recognized that the 
strain-energy release rate was related to a function of the 
Y-factor by an energy calibration factor, 0, depending upon the 
crack-length to width ratio, a/w. They published tables of 0 
values corresponding to a/w and s/w.
The energy calibration factor was found by analysing the 
strain energy, Ue , in terms of the specimen’s compliance, 
C = S/f, where f was the applied force at fracture and S the 
corresponding displacement:
Ue = f2.C/2.
Strain-energy release rate (the subscript E is used emphasize 
explosive testing conditions and is also applied to critical 
stress-intensity factors) was therefore:
G j c e = <*Ue/dA
= (f2/2).dC/dA 
= (f2/2b) . dC/da 
= ( Ue/bC ) . dC/da 
= (Ue/bwC).dC/d(a/w)
= Ue/bw0
where
0 = C / (dC/d(a/w))
= (J’ Y2 .(a/w).d(a/w) + (s/l8w)) / Y2.(a/w) 
from Williams et al.
Marshall, Williams & Turner, from plots of break energy 
to bw0 for PMMA notched bars, showed that the plot had a 
positive energy intercept which they identified with the kinetic 
energy of the bar fragments, and the gradient of the displaced 
line was taken to be GICE.
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For comparison the data presented in Figure 3.2 has been 
reanalysed using the energy calibration factor and the results, 
showing a great reduction in the strain-energy release rate 
value, are incorporated into the caption.
3.4. Young's Modulus Derived From Fracture Mechanics Values
The relationship between strain-energy release rate, 
GIC, and strese-intensity factor, KjC , has been presented in 
Equation 3.3 by appropriate substitution in the Griffith
criterion of Equation 3.1. By considering the work required to 
close a small part of the crack-tip without altering the stress 
distribution, a y y  this equivalence relationship,
(Kic^2 = E,GIC
has also been derived from stress distributions and crack-tip
displacements by many authors including: Broek (1978), Knott
(1973), Paris & Sih (1965). Smith (1979) and Williams (1978).
This relationship is often used in the literature to 
transform one fracture mechanics value into its counterpart as 
for example in Ting (1981) and Hinkley & Campbell (1983) where 
stress-intensity factor was converted to strain-energy release 
rate using a known value of Young's modulus, E.
However, although this equivalence relationship has been 
established analytically it has rarely, if ever, been confirmed 
experimentally using independently determined values of KjC 
and GIC to produce a derived value of Young's modulus for 
comparison with a directly measured value of Young's modulus.
In this project, because specimens have non-standard 
dimensions, verificaton of elastic conditions during testing was 
made by comparing the modulus derived from fracture mechanics 
values with the directly measured Young's modulus values.
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3.5. Note on Shape of Compliance Plots
By considering the strain-energy stored in a beam bent 
through a given deflection (Ryder, 1969: chapter 9) and applying 
this principle to the two halves of a split beam the compliance, 
C, is found to be of the form:
C = 2.a3/(3EI)
where a is the crack length, E is Young's modulus and I is the 
second moment of area for each half of the split beam. This 
predicted behaviour of compliance with crack length leads to a 
J-shaped curve of the kind shown for the double cantilever beam 
testpiece and similarly for a three-point-bend 7075-T6 
aluminimum specimen in Atkins & Mai (1985: chapter 2).
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4. PREPARATION AND TESTING OF SINGLE-EDGE-NOTCHED (SEN) BARS
The preparation, measurement and testing of SEN bars was 
done following the experimental practice at the Research 
Laboratories of ICI pic in Welwyn Garden City. The tests were 
carried out in a specially controlled environmental room with 
its temperature and humidity controlled to 23 °C and 50 % 
relative humidity.
4.1. SEN Bars for Three-Point-Bend (TPB) and Tensile Tests
Single-edge-notched (SEN) bars were cut from two 
polymers, polyethersulphone (PES) and polycarbonate (PC). Two 
mouldings of PES were used: a compression-moulded slab about
17-5 nun deep made from an unfilled powder of PES (PES-300P); and 
single-edge-gated injection-moulded discs (114 mm in diameter) 
having four depths: 1.9* 2.4, 3.4 and 6.3 mm, all made from 
unfilled granules of the same PES (PES-300P). The polycarbonate 
bars were cut from extruded sheets, about 3.3 mm deep, of both 
Lexan and Makrolon polycarbonates.
SEN bars from both PES and PC stocks were used in 
three-point bend tests but only bars from injection-moulded PES 
discs were used in the tensile tests (see Table 4.1).
4.1.1. Siting of notches, orientation of bars and notation
In three-point-bending two directions were chosen in 
which a crack could be grown to break the cross-section of a 
bar: either by breaking the bar from one moulded surface into 
the depth of the moulding and through the other moulded surface 
(INTO mode); or by allowing the depth of the moulding to be the 
breadth of the bar, with moulded surfaces on the sides of the 
bar, break the bar across from one cut surface to the other (AX
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INTO mode —notch cut 
into a moulded surface.— ■
AX mode-notch v 
cut across the 
machined edge 
putting the 
moulded surfaces 
on the sides of 
the bar.
Gate
(b) Bar-length orientation: 
0° 1Gate
Gate Gate
90°
Views of cavity-plate face of disc moulding.
FIGURE 4.1. How single-edge-notched (SEN) bars were cut from 
injection-moulded discs of PES 300P and notched. All views are 
of the cavity-plate face of the disc moulding. The diameter through 
the centre of the gate is the reference orientation to which the 
angle of the bar-length orientation is measured.
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mode). To induce the crack to grow in the desired direction a 
notch was cut across one of the surfaces of the bar according 
to the mode required. For example, the notch in all the 
polycarbonate bars was made into a "moulded” surface, for the 
extruded sheet, of each bar. Here the two faces of the extruded 
sheet are regarded as moulded surfaces although extruded sheets 
are produced by a continuous process of forcing the molten 
polymer through a wide die with a very narrow slot. Thus all 
the PC bars were broken in the INTO mode.
The compression-moulded PES was regarded as a control 
material because it was assumed that it would not have the 
orientation effects asssociated with the infection-moulding
process. The range of moulding depths for injection-moulded 
discs were therefore covered by cutting out bars with 
thicknesses of 2.5# 5* 10 and 25 mm* The notches in all these 
compression-moulded bars were made on a cut (milled) surface of 
each bar and so they were all broken in the AX mode.
In the case of injeetion-moulded PES discs, it was
important to assess the sensitivity of these fracture mechanics 
tests to the molecular orientation caused by injecting the 
molten polymer through a single gate on the edge of the disc’s 
mould. Hence, the four depths of injection moulding were tested 
in the INTO mode with further tests being made on 6.3 mm discs 
in the AX mode. A set of tests on approximately 6.3 mm 
square-section bars in both INTO and AX modes were made to
reveal changes due to the two notch directions (see Figure 4.1).
Effect of orientation in injection-moulded discs, 
however, was sought mainly by varying the angle of notching in 
the INTO mode with respect to the diameter of the disc passing 
through the centre of the gate on the edge. In fact this was
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Table 4.1. Extent of Tests Using Single-Edge-Notched Bars
Polymer
Form
Notch
Mode
B O 
a r 
r i 
e
L n 
e t 
n a 
£ t 
t i 
h o 
n
o
Notch-
Depth
Spread
(Notch
cut on
DISC
set or
fewer
BARS)
FM Test
(TPB = 
Three 
Point 
Bend)
F W 
M i 
d 
t 
h
w
mm
Breadth
b
mm
Loading
Rate
(Equipment 
setting)
— 1m s
PES 300P
Compression
moulded
slab
AX N/A BARS TPB 2. 5 
5.
10.
25.
17.5 1.67x10"J
Injection
moulded
AX 0 BARS TPB 6.3
13.
6.3 1.67xl0-3
discs
AX 0 BARS Tensile 12. 5 1.9
2.4 
3. 4 
6.3
1.67x10 3
INTO 0 DISC TPB 1.9
2. 4 
3.4 
6.3
12. 5 Both:
1.67xl0“3 
&
1. 00
INTO 0 BARS TPB 6.3 6.3 1.67xl0-3
INTO 0 BARS
DISC
TPB 3.4 12. 5 8.33xl0“6 
&
83.33xl0"6
INTO 0 DISC Tensile 2. 4 12. 5 1.67xl0“3
INTO 45 DISC TPB 2. 4 12. 5 1.67xl0“3
INTO 4-5 DISC TPB 3.4 12. 5 1.67xl0“3
INTO 90 DISC TPB 1.9 
2. 4 
3.4 
6.3
12.5 Both:
1.67xl0“3 
&
1. 00
INTO 90 DISC TPB 3. 4 12. 5 83.33xl0“6
[Thinned 
6.3 mm disc)
INTO 90 BARS TPB 1.5 
3. 3
12. 5 1.67xl0“3
INTO 90 DISC Tensile 2. 4 12. 5 1.67xl0"3
PC Extruded 
sheet:
Lexan INTO N/A BARS TPB 3. 3 12. 5 1. 00
Makrolon INTO N/A BARS TPB 3.3 12. 5 1. 00
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achieved by varying the angle that the length of these bars made 
with the gate diameter and notching at right angles to the bar 
length at the middle of each bar. A coarse set of bar-length 
orientations was used at angles of 0, 45 and 90 ° to the gate
diameter, measured anticlockwise on the cavity face of the 
moulded disc (see Figure 4.1). Notches were only cut into the 
cavity-face side of each bar.
Usually, four bars were cut from each disc so that two 
bars lay on each side of the disc’s diameter and these bars were 
numbered in sequence across the disc so that their position on 
each disc could be identified and hence their fracture mechanics 
results compared. Each disc was identified by its own code. 
Knowledge about the location of the bars enabled the effect of 
molecular orientation on the results to be examined according to 
each bar’s position (see Figure 4.1). However, it should be 
noted that the 0 °, 45 ° and 90 ° direction bar-sets were not 
compared at exactly the same place in the disc but along the 
appropriate diameter.
The effect of layers of oriented polymer parallel to the 
circular faces of the disc was examined by thinning 6.3 mm discs 
to depths of 1.5 and 3.3 mm from the cavity side of the disc by 
skimming. The thinned discs were then cut into four bars at 
90 " bar-length orientation and notched in the usual manner for 
the INTO mode.
4.1.2. Cutting and notching of SEN bars
With the exception of the compression-moulded PES, all 
the other bars were cut from PES discs and PC sheet using a 
circular, slitting saw. The cutting process was dry, without 
lubrication or cooling. The bars’ dimensions were approximately
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85 mm x 12.5 mm x depth of moulding for the INTO mode so that 
the bars were comparable with tests done earlier by ICI on 1.9 
and 6.3 mm deep discs. Tests in the AX mode on 6.3 mm deep 
discs used two thicknesses, fracture-mechanics (FM) width: 6.3 
and 13 mm.
Bars from compression-moulded PES were cut out of the 
slab into four thicknesses by milling. The cutting tools were 
cooled in operation with "suds". These bars were about 
90 mm x 17.5'mm x thickness (AX mode). The exposure of the bars 
to the water-based suds was for the short cutting period only 
and the bars were immediately wiped clean and dried.
All the bars were notched using a horizontal mill with a 
V-shaped cutter which enclosed an angle of 45 0 and had a 
cutting tip with a nominal radius of 10 jjm. Actually, the tip 
was ground to be as sharp as possible and the ICI experience was 
that the initial tip radius was better than 10 jim. After use 
the cutter became blunter so the practice was to exchange the 
cutter for a sharp one frequently. The notching process was 
also done dry and without any lubrication or cooling because the 
speed of cutting was slow compared with the usual machining 
speeds.
The raw cut edges were not polished to remove the effects 
of the cutting processes. Nor were the bars annealed to reduce 
the effects of these machining processes. The bars were all 
tested without any treatment of the raw cut edges under the 
assumption that the cuts had only affected a negligibly small 
surface volume of each bar.
Care was taken to keep the notch depths within the range 
specified as most accurate for the Brown and Srawley Y-factor 
(1966). The requirement is that the ratio of the notch depth,
-4.6- 4pretsl-sth2
Preparation and Testing of Single-Edge-Notched Bars
a, to the overall depth,the fracture-mechanics width, w, should 
not exceed 60 %. In principle, this meant that notch depths 
were chosen to be evenly distributed within this range but, in 
practice, four bars from the same disc were usually notched 
together to approximately the same depth for the INTO mode, 
identified as DISC on Table 4.1. Square section (6.3 mm) and AX 
mode specimens were not notched together in such large 
associated groups, identified as BARS on Table 4.1. The FM 
width, w, varied according to the disc thickness and the notch 
mode used.
The V-shape of the notching tool will be familiar in its 
much blunter form from the widely used Charpy and Izod tests 
which are part of the standard tests of BSI and ASTM. Cole 
(197 5) provides a useful comparison of these tests in his 
Appendix 1. None the less, many authors have found it necessary 
to sharpen such blunt notches by using a very sharp razor blade 
as a cleaving wedge to produce a sharp precrack (see for 
example: Ellis, Hare & van Noort (1985), Fraser & Ward (1974),
Hine, Duckett & Ward (1981) and Hinkley & Campbell (1983)).
Hence, there is an obvious apparent advantage in 
combining the two processes into a single sharp-notching process 
with a reduction in the time required for making the specimens. 
Futhermore, the sharp notching process has already been used 
over a wide range of pooymers: examples are quoted by Chan & 
Williams (1981), Fernando & Williams (1980), Hodgkinson & 
Williams (1979) and Parvin & Williams (1976).
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4.2. Measurement of Bar Section and Depth of Notch
After the swarf and burrs had been cleaned away, the 
section of the bar close to the notch was measured using a drum 
micrometer. The values for breadth, b, and fracture-mechanics 
width, w, were noted for each bar. The depth of notch, a, was 
calculated by subtracting the thickness of the ligament 
remaining after notching from the overall width, w. The 
thickness of ligament was measured using a V-shaped probe 
attached to the spring-loaded plunger of a dial gauge indicator. 
The probe rested against a dome-shaped base plate in the zero 
position but could be raised and lowered into the notch when the 
bar was placed notch upwards on the base plate. Thus a direct 
reading of ligament thickness could be noted from the dial.
The included angle of the probe was less than the angle 
of the notch so that the sides of the probe would not wedge
against those of the notch. However, it was essential to remove
swarf from the notch before this probe measurement was attempted
and although great care was taken to do this, occasionally,
swarf would be trapped in the notch below the probe. Where this 
error was not recognized during the measurement it was 
discovered later by unusually large systematic errors in 
comparison with direct measurements made from the fracture 
surfaces with a travelling microscope.
4.3. Three-Point-Bend (TPB) Tests at Slowest Loading Rates
These TPB tests were done on an Instron screw-driven 
Universal Testing Machine. The crosshead of this machine, by 
which the load was applied to the bars, was moved at a constant 
rate by two motor-driven screws and several such rates could be 
selected. Only three of these rates were used and corresponded
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to 8.3 Jjm s-1, 83.3 .Mm s'”1 and 1.67 mm s-1 (Instron
crosshead displacement rates of 0.5# 5 and 100 mm min”1 ). The
changing force during each test was measured by a load cell
fitted into the system being loaded and bearing the load as a
series element in that system. Such modern load cells are 
usually much stiffer or as stiff as other elements in the loaded 
system and are regarded as contributing a negligible deflection 
at the loads applied. Table 4.2 shows that in the 
tension-compression range of cells, similar to those used, each 
cell’s compliance is less than the compliance quoted for the
coupling. The results show that the bar specimens had 
compliances in the range 0.3 to 240 jim N-1 generally far
greater than that of the cell or coupling.
In order to speed up the throughput of information
gathered from each test, ICI had also attached to this standard 
Instron machine a Digital pdp-11 computer, the purpose of which 
was to analyse on-line the force--(crosshead) displacement data 
of each test to give an immediate print-out of break force and 
break energy. The break energy is the work done upto fracture 
calculated by the area under the force— displacement curve. 
This information was checked against the permanent record of the 
force-displacement curve made on a fast-response chart recorder 
that used ultraviolet light to trace out the curve.
Such Instron Testing Machines were in continuous routine
use by ICI, and regularly maintained and serviced. Before each
sequence of testing, calibration weights were used to check and 
set the response of the equipment. Each operator would need to 
change the experimental equipment according to the requirements 
of the tests being done. Fortunately, it was not necessary to 
check continuously the displacement-rate settings as these were
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Table 4.2. Compliance of Instron Load Cells and Couplings
Load cell type Rated capacity
kg f
Cell
compliance
nm N-1
Coupling
compliance
nm N-1
Compression
Compression
100
500
458.6
91.7
{Reported by Tattersall & Tappin (1966)}
Compression 
2511-205 (CCTM) 
Obsolete (CDM)
100
500
Tension-compression 
2511-312 (DRM) 500
2511-314 (FRM) 5 000
2511-316 (GRM) 10 000
64. 7 
25.9
7. 8 
1.3 
1. 8
"negligible
"negligible
36. 2 
15.5 
7.8
{Reported in Instron Operator’s Training Manual (1973) }
Tension-compression 
Equivalent to GRM 10 000 1.2
{Current information from Instron (4 Feb 1987))
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found to be of sufficient accuracy by timing the displacement of 
the crosshead.
4.3.1. Fixtures for three-point-bend tests
Three-point-bend tests were carried out using a set of 
fixtures which were fitted to existing standard Instron parts. 
These fixtures were originally designed to flex disc or square 
plate mouldings to determine stiffness coefficients with respect 
to the direction of injection of the polymer as described by 
Hooley & Turner (1979). As a result of this original 
requirement the so-called "three points" for three-point-loading 
were three long loading lines produced from 20 mm diameter rods, 
each 178 mm long. Each rod had been machined to a V-shaped 
profile enclosing a 40 0 angle with the tip of the V-shape being 
given a 2.5 mm radius and thus forming the line of loading. 
These three radiused edges were aligned and made parallel by 
using a wide brass plate which had 90 0 grooves cut into the top 
and bottom surfaces which accurately located the central and 
supporting span positions. After making this alignment the 
edge-carrying fixtures were clamped securely. Each bar to be 
tested was then placed across the central portion of these 
loading edges with particular care being taken to place the line 
of notch on the back surface of the bar directly under the 
central line of the loading edge; the test was then made.
4.4. Three-Point-Bend Tests at Impact Speeds
An extra set of equipment was required to make 
three-point-bend tests at loading rates closer to impact speeds 
because these were not possible on a screw-driven machine. Thus 
a loading rate of 1.0 m s”1 was attained by using ICI*s
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specially developed version of the instrumented falling weight 
test. Two parallel edges supported the bar specimen while the 
third parallel edge was attached to the falling weight and 
struck the bar above the notch at 1.0 m s""1 with more than 
enough energy to break it. Hooley & Williams (1978) described 
an earlier form of this equipment for impact testing unnotched 
discs and plate mouldings and more of this experimental work and 
equipment was reported by Hooley & Turner (1979).
When the potential energy of the impacting mass is 
equated to its kinetic energy after falling through the drop 
height, the distance that the impacting edge must be raised 
above the top surface of the bar to strike it at 1.0 m s-1 is 
shown to be the 51 mm used. This result which is independent of 
the mass, neglects the energy lost due, -for example, to friction 
on the guide rails. The impacting mass was chosen to ensure 
that there was excess energy, more than that needed to break the 
bar, and sufficient momentum in the impacting mass to be only 
slightly changed by the deceleration due to impact. The energy 
lost as kinetic energy in the two halves of each broken SEN bar 
as they flew off after impact was not measured or accounted for. 
(This was true both of the impact and the slower tests.)
A force transducer fitted behind the impacting edge gave 
a record of the force acting on the notched bar as it was 
loaded and broken by the impacting edge. This information was 
stored in transient recorder and displayed on an oscilloscope as 
a force-time curve. At the press of a switch this information 
was fed into a CBM microcomputer which was programmed to take 
account of velocity changes during impact and to print out 
details of break force, break energy and break displacement. A 
permanent record of the force-displacement curve was
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simultaneously plotted on a chart recorder.
4.5. Tensile Tests on SEN Bars
All the tensile tests were made on an Instron Testing
Machine. The notched bars were gripped at opposite ends by a 
set of Instron Jaws which were closed onto the bar by a screw 
mechanism. Care was taken to align the axis of the bars with 
the centres of the two Jaws which were clamped at a separation 
of 35 mm on each bar. The Jaws were very much heavier than the 
SEN bars and their weight may have counteracted any rotation of 
the two halves of each bar during fracture. The top Jaw was 
connected to the load cell through a universal Joint. The
bottom Jaw was connected rigidly to the crosshead. The loading
rate for these tensile tests was 1.67 mm s”1 . The 
load-displaement curve was plotted on the fast-response
recorder while the break force and break energy was printed out 
by the pdp-11 computer.
4.6. Collection of Fractured SEN Bars
As the bars were broken in the TPB and tensile tests the 
pieces were systematically collected and stored so that the 
fracture surfaces could be examined later with optical 
microscopes at Surrey University. A travelling microscope was 
used to measure notch-depths directly from some of the fracture 
surfaces for comparison with mechanically probed measurements. 
FM widths and positions of fracture surface features were also 
measured by this method.
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5. HOW FRACTURE TOUGHNESS WAS CALCULATED FOR SEN-BAR TEST-DATA
The treatment of test-data is outlined in Figure 5.1. It
amalgamates the analysis already programmed into ICI*s Design 
Data Bank with a fuller statistical analysis plus indicators 
which allow the validity of the linear model and the fundamental 
assumptions of the tests to be checked.
Using this scheme, data from 462 SEN-bars were processed
into 30 major sets. The data from each test were collected into
sets of N bars depending on the reference quantities.
Occasionally, data were lost in force-displacement record
acquisition during tests or found to fall outside the valid 
range of the analysis. In such events a set would have only n 
bars from which data could be used. The notation (n/N) is used 
to indicate the proportion of the original N bars actually 
providing valid data for analysis.
An independent microscopic inspection of fracture 
surfaces enabled the number of bars, m, in a set which show a 
clear break through the notch-tip to be counted. The proportion 
of N bars in a test-set having a fracture path through the 
notch-tip, rather than having a fracture path breaking from the 
sides of the notch and around the notch-tip, was denoted by 
[m/N]. Since each test ought to break through the notch-tip 
this proportion, [m/N], should be always be equal to N/N but for 
these tests it is much smaller.
Measurements of SEN-bar dimensions, break force and 
energy were combined to give x-y plots from whose gradients the 
stress-intensity factor (SIF), k i c e * and strain-energy release 
rate, g i c e * could be directly calculated. This technique 
follows the approach published by Williams (1981) in which the 
reciprocal of crack-depth, a-1, was plotted against (Yo)2,
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Force-displacement record Additional measurements
For fracture-mechanics quantities: For reference to set:
Break force, f
Break
energy
Ll_
Displacement / mm
Fracture-mechanics width, w mm 
Notch-depth, a mm,
1, mechanical ly probed (MP)
2 , using travelling microscope oh 
fracture surfaces (TM)
Bar breadth, b mm 
TPB supporting span, s mm 
Tensile jaw separation, mm
Analytical inputs required:
Loading rate, m s 
Bar-length orientation, 0° 
Notch-crack mode: INTO or AX 
Temperature, °C 
Relative humidity, %
Number of breaks through 
notch-tip, m /N  
Bar location on disc
Finite width corrections Y(a/w, s/w) for TPB and Y(a/w) for Tensile tests. 
Energy calibration factor < t> [a/w, s/w) = C/[dC/d(a/w)].
Linear regression analysis with standard error on gradient and intercept. 
Student-t distribution to predict 95 %  confidence limit ranges, ± S9 5 .
F distribution for tests a t *  = 5 % , 1 %  and 0-1 % .
COLLECTED DATA FROM n OF N BARS IN SET, (n /  N):
Break force-FMQ plot Break energy- bw0 plot
Linear regression line
Break compliance -  a/w plot
Intercept, A
Fracture-mechanics quantity
TPB FMQ = 2 b w' m3 /2
Linear regression line
cn
CO
Intercept, A
Fracture-mechanics ligament
00
i_j
CL
0D
Notch-depth to width, a/w
3 s Y  a 
Tensile FMQ = bw
.1/2 Only plotted for TPB tests.
m3 /2
Ya1'2
RESULTS:
From Break force-FMQ plot
Over range of loading rate, width 
and orientation.
Only plotted for selected TPB 
tests.
From Break energy- bwtf plot Value of Young's modulus, E
Gradient: Stress-intensity factor Gradient: Strain-energy release-rate derived using:
KICE *  s95
-3 /2 Gice ± *95
Intercept: A ± s9  ^
%  fit
F -ratio
( n / N ) ,  [ m / N ]
kJ m 
mJ
MN m
Intercept: A ± s9  ^ N
Goodness of linear fit: %  fit  
Significance test of linear model:
F-ratio
( n /  N ), [ m / N ]
FIGURE 5.1. How the data from SEN bar tests  were processed.
-2
E = K ^ . G ^ GPa
from gradient determined TPB 
values.
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where Y is finite-width correction factor and a is applied 
stress at fracture for each fracture-mechanics test. ICI took 
this approach a stage further by plotting the appropriate 
fracture mechanics quantity, FMQ, against the break force 
(gradient gives SIF an<3 plotting the product of bar
sectional area and energy calibration factor, 0, against the 
break energy (gradient gives strain-energy release rate G j c e *^ 
See Figure 5*1*
When the plotted data produce a straight-line graph 
through the origin, this line meets the ideal view of linear 
elastic fracture mechanics. In reality, experimental data 
contain random scatter, assuming that all systematic errors have 
been eliminated or compensated for, so that the gradient and 
intercept of the straight line will have a range of values about 
their sample means depending on the amount of experimental 
scatter.
Linear regression analysis was used to find the equation 
of each line. The data alone determined the equation of the 
line without introducing bias made by assuming that the line 
passes through the origin. Moreover, the origin is a point for 
which there are no experimental data. None the less, the 
intercept of the regression line would not be expected to be 
significantly different from the origin provided that linear 
fracture-mechanics assumptions are obeyed. This expectation was 
checked by using the range of the population mean for the 
intercept predicted using 95 % confidence limits calculated from 
the standard error and Student-t value.
The use of linear regression to calculate the equation of 
a straight line by the method of least squares strictly requires 
that the straight-line model should be tested twice: first for
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the significance of the regression analysis, and second for the 
lack of fit. Although Fong & Dowling (1981) urge this 
statistical rigor they readily admit that many studies fail to 
make the second, lack-of-fit test because the resources rarely 
exist to allow a replication set of bar-tests at identical
x-values. This work shares this flaw. Although inspection of
the data suggests that a degree of replication already exists 
within some sets, this has not been used to make the lack-of-fit 
test.
Examination of the quality of these linear regressions 
relies on a test of the significance of the regression analysis 
(as above) by the F-test, and a statistic, %-fit, which gives 
the percentage variation explained by the linear regression 
equation. The %-f±t is defined by the ratio of the sum of
squares due to the regression to the sum of squares about the 
mean expressed as a percentage. (In fact, both of these measures 
indicate that the actual regression lines are highly significant 
and account, almost entirely, for the linear trend expressed in 
the data.)
The detailed background to linear regression, confidence 
ranges, and the statistics tests and indicators used in this 
work are to be found in Draper & Smith (1966), Acton (1959). 
Petrie (1978), and Davies & Goldsmith (1972).
5.1. Data from Each SEN Bar Test 
5-1.1. Force-displacement record
Force-displacement records are deduced from the 
force-time chart-record and the crosshead speed used in the 
individual test.
Careful inspection reveals that these records are not
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40-
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2 0 -
10 -
0-
a, TPB of inverted SEN bar S2.
(Points plotted are taken from the 
original chart recording and plotted 
at a reduced scale.)
X X
Ho break occurred.
-1
Test details(for a& b ):
Loading rate (cross-head speed) 83-3 pm s'. 
Supporting span, s = 70 mm. 
s /  w = 21.
Details of tes t bar S2:
Bar-length orientation, 0 = 90°.
Notch mode: INTO.
Fracture mechanics width, w = 3-42 mm. 
Breadth, b = 12-36 mm.
Notch-depfh to width, a /w =  4-7 % .
Point of fractureb, Actual TPB test record for 
SEN bar S2.
(Points are plotted from the
reduced scale
■ecording
Gradient of line used to 
calculate the compliance 
at fra c tu re d  /s tiffn ess ).
*  Departure from linear response 
occurs at 3-5 to 4-0 mm 
displacements and above, 
i.e.greater than width w=3-4mm.
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Displacement (centre-of-bar deflection), S /  mm
.2. TPB force-displacement record fo r SEN bar S2 of PES 300P disc.
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straight lines but curves. Only the bars with a 
fracture-mechanics width of 25 mm, in TPB tests, show a concave 
force-displacement curve, being made up of a lower stiffness 
portion followed by a stiffer portion to the point of fracture. 
The lower stiffness effect is probably due to a gradual take-up 
of load as the three lines of loading in the three-point-bend 
test make complete contact with the surfaces of the SEN-bar.
All the other records show a convex curve of the kind 
shown in Figure 5.2(b) for a TPB test. Similar convex records 
have been observed by Chan & Williams (1981) in three-point-bend 
tests of SEN high density polyethylene bars. Their load 
deflection plots became more convexly curved the thinner the
bars became (as w became smaller).
A clue to the source of this convex curvature can be seen 
in Figure 5.2 which are the corresponding force-displacement 
curves for the same bar, initially inverted and loaded in TPB 
and then tested in TPB in the usual way. When inverted, this 
SEN-bar did not break but bent under loading. In fact, by the 
time the force reached its saturation value (1^0 N), the bar had 
bent so much that it had completely slipped its two supporting 
points and was caught in the span between them, in a U-shape. 
Figure 5.2(a) and Figure 5.2(b) both have a similar convex shape 
of force-displacement curve up to the 9 mm displacement. 
Allowance was made for a small amount of plastic distortion 
caused by loading the inverted bar.
From the behaviour of SEN-bar S2 shown in Figure 5*2, the
common convex curvature of the plots would appear to share the
same cause: in both cases the bar, in bending, slips over the
supports into the span. This kind of behaviour could also be 
expected from most of the bars because they are thin and tested
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Loading point
SEN-bar
Supporting points
b)Movement of Rigid SEN-bar 
when loaded:
Broken halves 
move outwards
c) Movement of Flexible SEN-bar 
under load:
*
Bar bends 
and slips  
inwards
FIGURE 5.3. Movement of flex ib le  SEN-bar across fixed supporting 
points during three-point-bend tests.
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with large span-to-width ratios (s/w).
Brown & Srawley (1966), in discussion on Charpy 
specimens, offer a different and contrasting explanation for 
convex curvature of a load-deflection record for crack-notch 
bend test. They regard the curved part of the loading line as 
corresponding to a stage of slow crack extension preceding 
maximum load. However, from their comments on pin friction 
effects in bending and the modifications to their bend fixture, 
they fully expect to test substantial rigid metal bars which 
crack and push outwards over the supports in order to 
accommodate the diagonal lengths of the two halves of the bar as 
shown in Figure 5.3. This expectation is quite unlike the 
present work in which thin flexible bars bend and gradually slip 
into the span space.
Chan & Williams (1981) reported that only their thick 
bars, w values 20 to HO mm, showed cracking before the maximum 
load was attained with a definite decrease in the gradient of 
the loading curve occurring before the maximum load was reached. 
This contrasts with the general curvature seen in their thinner 
polyethylene bars where w was 12, 6 and 3 mm.
Even though the PES force-displacement records were 
curved, the compliance of each SEN-bar was strictly the 
reciprocal of the gradient of the tangent to the curve at the 
origin. However, most of these records made on an ultraviolet 
recorder were, in fact, physically small traces. The relevant 
portion of the curve required for the compliance often could not 
be determined accurately so a working compromise was made. The 
compliance was determined between the two most well-defined 
points: the origin and the point of fracture. This method gave
values of compliance slightly greater than the compliance
-5.8- 5hdwt2
rlow Fracture Tougnness was caj.cui.atea ror t>JiiM-uar xest-uata
measured through the origin.
Break compliance was calculated from the line joining the
origin to the point of maximum force at fracture. This secant
approach is indicated in Figure 5.2(b).
If a SEN-bar is thin and flexible even small
displacements will cause the whole bar to bend without cracking 
which, in turn, means that the curved length between the two
supporting edges must be longer than the fixed supporting span. 
For such a bar to continue to bend under three-point-loading the 
bar must slip across the supporting edges, into the span, to 
create a longer curved length. With a greater length of bar 
than the span the compliance of the TPB loaded bar must also 
increase.
5.1.2. Notch-depth measurements
Initially, all the notch-depth measurements were made by 
mechanical probing each notch at ICI. Later, at Surrey 
University, notch-depths were remeasured using a travelling 
microscope on the fracture surfaces of certain sets. 
Measurement of the position of an unusual surface feature, the 
line of maximum disturbance (LMD), was made at the same time 
(see Section ll./l.).
The sets remeasured with a travelling microscope were: 
all the compression-moulded PES 300P sets, and two sets from the 
infection-moulded discs at 0 ° bar-length orientation in INTO 
crack mode with fracture-mechanics widths Z.Hl mm and 6.16 mm. 
These notch-depths covered the full range encountered in SEN 
tests.
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5.2. Analytical Inputs
5*2.1. Fracture-mechanics finite-width corrections
Two finite-width corrections, or geometry-factors, Y were 
used. One set of Y-factors was used to correct for the geometry 
of the SEN-bar in the three-point-bend test using the factors 
for span-to-width ratio, s/w, at 8 and 4. The other Y-factor 
corrected for the SEN-bar used in the tensile test.
Brown & Srawley (1966) quote these Y-factors as 
fourth-degree polynomials in (a/w):
+o<II>« A ^ . (a/w) + A 2 . (a/w)2 + Ag.(a/w) 3 + A ^ . (a/w) 4 •
Type of test: Values
A0
for coefficients, 
A<j^  A g
A :
A3 a4
TPB pure bending + 1. 99 -2. 47 +12.97 -23.17 + 24. 80
TPB s/w = 8 +1. 96 -2.75 +13.66 -23.98 + 25. 22
TPB s/w = 4 + 1.93 -3. 07 +14.53 -25.11 +25. 80
(accurate within 0 . 2 % for 0 % $ a/w $ 60 %)
Tensile + 1. 99 -0. 41 +18.70 -38.48 + 53. 85
(accurate within 0. 4 % for 0 % < a/w 60 %)
During the initial analysis at ICI, the Design Data Bank 
program was used to calculate the Y-factors according to these 
polynomials. The initial analysis was made in harmony with a 
prevailing ICI view that a/w should be restricted to the range 
10 % ^ a/w < 60 %. This assumption places an artificial
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restriction on the range of a/w. Therefore, recalculation was 
necessary not only to remove the effects of this restricted a/w 
range which reduced the number of valid data in the set, but
also to gauge the effect of remeasurements of the notch-depth.
This later analysis was done by the author using these Y-factor 
polynomials in a program specially written on his BBC
microcomputer. The results from each of these programs were
found to be in agreement.
5.2.1.1. TPB Y-factor used
Calculation of TPB Y-factor was made for s/w at 8 and 4 
in accordance with prevailing ICI practice. The actual s/w for 
the experimental sets did not exactly match 4, 8 or pure bending
but the closest s/w was chosen. There was no clear s/w
criterion for pure bending.
A comparison of the relative effect of substituting each 
Y-factor for another with a neighbouring value of s/w was made
and the relative error in Y was found to rise and fall across
the range of a/w: rising from about 1.5 % error for a/w = 0 to a 
maximum of 4 % error for a/w = 27.5 % and falling to at most 
2.4 % error at the top of the range, a/w = 60 %, See 
Figure 11.4.
Actual s/w values fell between "calibration" s/w ratios 
so the worst shift in Y-factor due to use of inexact Y-factors 
would be, at most, 4 % error for a/w = 27.5 % and 
correspondingly less towards the extremes of the a/w range. The 
actual relative error is therefore within these error bounds.
-5.11- 5hdwt3
5.2.1.2. Tensile Y-factor used
The tensile Y-factor used was developed for centreline 
pin-loaded specimens and assumes the tensile load to be
uniformly distributed across the width, w, of the specimen at a 
distance from the crack not less than the width. For centreline 
pin-loaded specimens, this assumption would be good if the
distance between loading-pin centres is not less than three 
times the specimen width.
Actual tensile tests were made on SEN-bars, at ICI, using 
jaws which gripped the ends of the bars. The lower jaw was
located in the crosshead while the upper jaw was linked through 
a universal joint to the load cell in the top-of-frame mounting. 
Such an arrangement might impart an eccentric load to the 
specimen during the test.
Gross & Srawley (1965) considered the effect of eccentric 
loading through off-centre pins on SEN-bars and analysed it as 
being equivalent to a combination of an equal load acting along
the centreline of the bar together with a couple equal to the
product of the load and the distance of the bar’s centreline 
from the parallel line through the centre of the pin.
They concluded that the stress-intensity factors for 
SEN-bars loaded in combined bending and tension could be 
calculated by appropriate superposition of the available results 
(including Y-factors) for uniform tension and for pure bending. 
The eccentricity of loading was assessed as having a marginal 
influence (within 10 %).
Gross & Srawley also point out that an SEN-bar loaded 
uniformly in tension normal to the ends of the bar is not 
exactly equivalent to a SEN-bar loaded through pins on the 
centreline because a pin-loaded SEN-bar bends slightly in
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proportion to the load.
The actual tensile tests could include a mix of these 
influences but only the quoted Y-factor for uniform tension in 
the centre-line pin-loaded specimen has been used.
5.2.2. Energy calibration factor
Values of the energy calibration factor, 0, were computed 
using the program in ICI*s Design Data Base. The exact details 
of the programming were not seen. However, the theory, on which 
the programming was based, was drawn from the research on Charpy 
impact tests of Marshall, Williams & Turner (1973). Plati & 
Williams (1975) and Williams (1984). Values of the energy 
calibration factor are tabulated by Plati & Williams and 
Williams. These values were comparable with those generated by 
the Design Data Base program. These factors were not 
recalculated to determine the effect of remeasurement of the 
notch-depth with a travelling microscope.
5.2.3. Statistical distributions (Student-t and F)
The effect of the experiments described by the test-data 
sets and used in linear regression is to sample a parent 
population which is assumed to be normal and distributed about 
the regression line in the y-axis direction. The sample mean 
and sample standard error are estimators for the sampling 
distribution which approximates to a normal distribution for 
large samples containing more than 30 members and tends to a 
normal distribution the larger such samples become. However, 
for small samples with less than 30 members the sampling 
distribution must be modified for the size of the sample. In 
these cases the sampling distributions are described by the
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FIGURE 5.4. TPB break force — fracfure mechanics quanfify (FMQ)
plot for SEN bars of PES300P broken at a crosshead speed of 
-1 -1
1-67mm s (=100 mm min ). Fracture-mechanics width, w, was 6*16 mm; 
breadth, b = 6*35 mm; bar-length orientation, 0 = 0°; notch-crack 
mode, INTO; supporting span, s = 7 0  mm and s/w  = 11; ( n /  N) = (1 2 /1 4 )  
and [ m / N ]  = [14/14]. Notch-depth, a, was measured by mechanical 
probing (MP).
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appropriate Student-t distribution which, like the normal 
distribution, can be used to predict confidence ranges for 
population mean.
The number of test-data in a set was usually between 14 
and 20, rarely above 30, so Student-t distributions were used to 
determine the 95 % confidence range for each population mean. 
Student-t percentage-point tables were used for this purpose 
such as those quoted in Petre (1978) or Draper & Smith (1966).
The F-distribution was used to give significance levels 
which were found by reference to its quoted percentage-point 
tables and these values were compared with the F-ratio 
equalling the mean square due to regression to the mean square 
about the regression from each linear regression. Tables are 
widely quoted in statistics books like Petre and Draper & Smith.
5.3. Collected Data from n of N Bars in Each Set
5.3.1. Break force —  FMQ and break energy —  bw0 plots
The fracture-mechanics quantity, FMQ, was calculated 
according to the type of test done and the break-force —  FMQ 
plot made for each set as indicated in Figure 5.1. One 
noteworthy aspect of this graphical presentation is that the 
contribution of notch-depth, a, in the fracture-mechanics 
quantity, FMQ, decreases as FMQ increases from the origin. An 
actual example of this plot produced on ICI*s Data Bank system 
as part of a printout is shown in Figure 5.4 and uses the 
restricted a/w range detailed in Sub-section 5.2.1.
In a similar way, the break-energy —  bw0 plot was made 
for each TPB set.
ICI’s Data Base program did not produce the full 
statistical analysis of the linear regressions so the analysis
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:1.204IM91 A2
Bar-code Break- Breadth Fracture-
force, f b mechanics
N mm width, mm
1 . 204 45.000 1 2 . 1 6 0 2. 394
2 . 204 48.200 11.990 2. 416
3. 204 54.300 1 2 . 1 2 0 2 . 414
4. 204 5 5 . 6 0 0 1 2 . 5 2 0 2. 375
5 - 204 3 2 . 7 0 0 12.370 2. 401
6 . 204 3 6 .700 1 2 . 2 9 0 2 . 403
7. 204 3 3 . 7 0 0 1 2 . 3 0 0 2 . 418
8 . 204 33.400 1 2 . 1 3 0 2 . 391
9 . 204 33.300 1 2 . 1 6 0 2 . 3 8 8
10.204 34.100 1 2 . 1 9 0 2. 400
11.204 35.400 12.420 2. 391
12.204 37.500 1 2 .470 2. 372
13-204 2 8 . 3 0 0 12.170 2. 397
14.204 29.900 12.040 2 . 406
15.204 2 7 . 0 0 0 1 2 . 2 5 0 2 . 410
1 6 .204 2 8 . 2 0 0 1 2 . 2 6 0 2 . 3 8 1
17.204 21.400 1 1 . 8 9 0 2.396
18.204 2 6 . 1 0 0 1 2 . 1 7 0 2 . 410
19.204 25.5 0 0 1 2 . 3 2 0 2 . 403
20.204 24.200 1 2 . 3 2 0 2 . 386
a/w Y-factor Notch-
depth
FMQ 
-6 3/2
% a, mm 10 m
12.030 1. 790 0. 288 21.845
12.086 1. 790 0. 292 21.788
7. 167 1. 825 0. 173 28.023
6. 989 1. 827 0. 166 28.574
22.990 1. 829 0. 552 15.806
22.389 1. 823 0. 538 15.982
24.069 1. 840 0. 582 15.432
24.090 1. 840 0. 576 14.956
28.685 1. 9 0 0 0. 685 13.281
27.167 1. 878 0. 652 13-948
27.018 1. 876 0.646 14.185
24.705 1. 847 0. 586 14.947
34.418 2. 008 0. 825 11.547
33.666 1.991 0. 810 11.712
35.768 2. 039 0. 862 11.317
35.111 2. 024 0. 836 1 1 . 3 1 2
41.277 2.198 0. 989 9. 405
38.672 2. 117 0. 932 10.418
39.243 2.133 0. 943 10.342
39.732 2. 148 0. 948 10.099
*************************99*************************************** 
LINEAR REGRESSION PROGRAM TO FORM Y » A * BX KCRFLR 86.11.30
******************************************************************
!1.204IM91 
NUMBER OF DATA PAIRS, N 20.000 DEGREES OF FREEDOM, DF « 18.000
MEAN OF X » 15.246 OF Y - 34.525
STANDARD DEVIATION OF Y ABOUT REGRESSION LINE IS 1.916
SUM-OF-SQUARES CRUDE Y2 
CORR.MEAN 
REG.SLOPE 
RESIDUAL 
TOTAL SYY
25580.830 
23839.513 
1675.271 
66.046 
1741.317
STUDENT T VALUE. T(l8.000, 95.X) « 2.101
Stress-intensity 
factor, Kjce 
SLOPE, B
1 . 671 
0 . 078 
0.164 MNm
FROM REGRESSION: 
STANDARD ERRORS: 
95.X T ERRORS: n-3/2
Y-INTERCEPT, 
9. 050 
1. 267 
2.662 N
. * 3/2X-INTERCEPT, -A/B, IS -5*416 10 m
PERCENTAGE FIT 96.207
F-RATIO FOR SLOPE » 456.572 [F(l, 18.000, 0.05) * 4.410; F(l, 18.000, 0.01) »
8.280)
CORRELATION COEFFICIENT « 0.981
FIGURE 5.5. Detailed printout of linear regression analysis for critical stress-intensity factor 
of 2-4 mm wide SEN-bars cut from injection-moulded PES 300P discs where notch-depth, a, 
was measured with a travelling microscope.
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on the restricted a/w sets was extended by using the Minitab 
software package available on Surrey University’s Prime 
computers. Thus it was possible to calculate 95 % confidence 
ranges for the population means of the respective gradients and 
intercepts with the percentage fits for the linear regressions 
of both types of plot.
With the derestriction of the a/w range and the
remeasurement of the notch-depths, it was necessary to reanalyse 
the whole of the original data so that a fair comparison could 
be made with the data using the remeasured notch-depths. For 
this stage of the work, programs were written and used on the 
BBC microcomputer which did not produce these two types of plot 
but did' produce all the statistical information that was
required from the linear regression. A listing of the BASIC
program for analysing data from a file is given in Appendix 1. 
The corresponding printout of information is shown in
Figure 5*5*
5*3*2. Break compliance —  a/w plot
The variation of break compliance with notch-depth to 
fracture-mechanics width, a/w, is a powerful indicator of the 
quality of tests in the sets because it relies only on the 
directly measured experimental quantities. No analytical or 
theoretical functions have been included, like the Y-factor. 
Intuitively, an SEN-bar can be understood to become 
progressively more compliant in three-point-bending the deeper 
the notch is cut into the width. Therefore, a smooth J-shaped 
curve of the kind shown in Figure 5.1 is expected and any 
departure from this trend needs explanation. This shape has 
also been confirmed in Section 3*3*
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How Fracture Toughness was calculated for SEN-Bar Test-Data
There are two effects, however, that should be 
remembered: systematic undermeasurement of notch-depth, and the
bending and slipping of the SEN-bar into the span space.
Undermeasurement should only have the effect of moving the 
compliance curve closer to the y-axis without changing its 
shape. Bending of the bar would be expected to contribute to 
the shape of the compliance curve. When the bending leads to the 
bar slipping over its supports, it then becomes a question of 
how gradual, controlled and repeatable this process is. If it 
is all these things then it may not be possible to distinguish 
its contribution to the general shape of the curve. If the 
process of slippage is somehow erratic this could mean that for 
a given notch-depth on otherwise identical SEN-bars, while the 
break force may be approximately constant, the deflection at 
break could be relatively widely dispersed leading in turn to a 
wide scatter of break compliance values at the given a/w.
Calculation of compliance and plotting of its variation 
with a/w was restricted to a representative selection of sets 
which covered the diversity of TPB tests made. The compliance 
plots were made for sets of SEN-bars produced from: 3-mm
extruded Lexan and Makrolon polycarbonate sheet tested at
1.0 m s_1; compression-moulded PES 300P slab at widths of 2.5*
5, 10 and 25 mm tested in the AX mode at 1.67 mm s-1;
injection-moulded PES 300P discs, with 0 " bar-length 
orientation, in INTO mode, at widths of 2.4, 6.2 and 13*4 mm,
tested at 1.67 mm s-1, and 3*4 mm width tested at all the 
crosshead speeds of 8.33 JJm s-1, 83*3 J-im s-1, 1.67 mm s”1
and 1.0 m s-1. Of these sets only the compression-moulded 
sets and the 2.4 and 6.2 mm width sets of injection-moulded PES 
had compliance plots determined from notch-depths measured with
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How Fracture Toughness was calculated for SEN-Bar Test-Data
a travelling microscope: the rest were measured by mechanically
probing the notch.
5.4. Results from Linear Regression Analysis
5.4.1. Regression of break force -- FMQ and break energy -- bw0 
For each type of regression the 95 % confidence range
for the population mean of gradient or intercept has been
determined by using the 95 % error, which is the product
of the standard error and the Student-t value for the size of 
set. The 95 % confidence range has been chosen to ensure that a 
significant difference is obvious and only has a small 5 % 
chance of still being part of random experimental scatter.
Of particular interest is whether the intercept is 
significantly different from the origin in the case of the break 
force —  FMQ plots. From the linear elastic fracture mechanics 
no intercept would be expected. Hence the null hypothesis, 
H q , is that there is no significant difference between the 
intercept and the origin. With a 95 % confidence range there is 
a 5 % chance of wrongly inferring that a difference is 
significant (Type I error). The alternative hypothesis, H1§ 
proposes that there is a significant intercept.
So for each set the intercept can be tested and because 
each set from one type of plot, in effect, samples the same 
population, altogether the number of significant intercepts can 
be counted and the proportion of sets determined. In this 
situation if no more than 5 % are significantly different then 
this is no more than could be expected if this were due to 
random effects. However, if the proportion is greater than 5 % 
this strengthens the case for the alternative hypothesis that 
there is indeed a significant intercept caused by some physical
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How Fracture Toughness was calculated for BtK-iiar Test-uata 
effect.
The F-ratio calculated from the linear regression 
statistics is quoted for comparison with the percentage-points 
of the F-distribution. In fact, such F-tests were all 
significant at the 1 % level and all but the bars thinned to 
1.52 mm were significant at the 0.1 % level.
All the results for each set have been presented together 
in a column with a graph of the range for relevant gradient and 
intercept so that all the quantities can be easily compared.
5*4.2. Derived Young’s modulus values
Modulus values derived from the gradients (see 
Figure 5.1.) should be comparable with a tensile experimental 
measurement of Young’s modulus or other independent measurement 
of Young’s modulus. In principle, these fracture-mechanics 
tests aim to find Mode-I plane-strain values, although the 
actual values include a mixture of plane strain and plane stress 
but the exact proportions are not known. Such proportions are 
only estimatable from fracture surfaces showing distinctive 
shear lips often seen in metals but not the case in these tests. 
Nevertheless, the Mode I values should be predominately plane 
strain because the SEN-bar breadth is greater than the FM 
width for TPB tests.
A Young’s modulus value measured directly in a tension 
experiment is a plane-stress value because there is no 
constraint preventing elastic lateral contraction. To arrive at 
a plane-strain modulus value the elastic contraction across the 
section of the test specimen would need to be compensated for. 
This is done by dividing the Young’s modulus by one minus the 
square of Poisson’s ratio. Hence this plane-strain modulus is
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How Fracture Toughness was calculated for SEN-Bar Test-Data
larger than Young’s modulus. In view of the mixture of modes 
implied in the fracture-mechanics derived modulus it was decided 
initially to compare the derived modulus directly with the 
plane-stress Young’s modulus to see if the fracture-mechanics 
value was actually the larger value as expected.
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6. RESULTS OF TPB TESTS ON SEN-BARS OF EXTRUDED POLYCARBONATE
6.1. Results of Regression of Fracture Mechanics Data
Figure 6.1 summarizes the detailed results of the linear 
regression on data from 3 mm extruded samples of Lexan (General 
Electric) and Makrolon (Bayer) together with an indication of 
the range of Young’s modulus found in the literature.
These polycarbonate SEN-bars all had their notch-depths 
measured by mechanical probing and were broken at 1.0 m s-1.
Makrolon shows the greater experimental scatter and since 
the experiments were identical apart from the different 
polycarbonates used, this very large scatter must, therefore, be 
due to the difference in the materials. Such a discrepancy in 
the properties of essentially similar polycarbonates made by 
different companies was not anticipated and may be due, for 
example, to the use of different commercial additives intended 
to improve the process of moulding in each of the 
polycarbonates.
The sample means for both k i c e and GICE are ve2?y
close. For both plots the intercepts are close to the origin
and not significantly different from it. Hence for this 
confidence range of 95 %* the implicit linear-elastic
fracture-mechanics expectation that the plots should be straight 
lines through the origin is supported. Only for the Makrolon 
strain-energy release rate plot does the F-ratio fail to be 
significant at the 0.1 % percentage point like the rest of these 
plots but it is significant at the 1 % percentage point of the 
F-distribution.
The subscript E in k i c e and GICE intended to
emphasize the instantaneous fracturing and Explosive nature of 
these tests.
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FIGURE 6.1. Linear regression results of TPB tests on 3 mm thick, 
Lexanand Makrolon polycarbonate sheet at a loading rate of 1-0 m s ;  
23 °C and 5 0% r.h . Columns show gradient and intercept: stress 
intensity factor, Kj q :, and strain-energy release rate, ore
both gradients. Young's modulus, E, was calculated directly from 
E= K jg: / Supporting span, s, was 40 mm and so s/w=13.
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Results of TFB Tests on SRN-Bars or Extruded Polycarbonate
6.2. Derived Modulus Values
The range of modulus derived from the fracture mechanics 
values relate to Mode-I tests which are designed to produce 
plane-strain or predominately plane-strain values. Thus the 
derived modulus would be expected to be at least a Young’s 
modulus value or, more likely, a value tending towards the 
higher, plane-strain modulus.
However, even the fracture-mechanics tests could not meet 
the ideal conditions of ASTM and BSI standards governing the 
dimensions of the bars which, in metals, are regarded as 
sufficient to bring about plane-strain fracture. Typical 
moulding thicknesses for plastics are far smaller than the 
dimensions advocated in these standards. Hence, for these
non-standard conditions in polycarbonate, at best, a mixture of 
plane-strain and plane-stress might be expected and 
correspondingly the value of derived modulus would be expected 
to fall between the two.
It is, therefore, surprising that only the widely 
ranging, derived modulus values from Makrolon even overlap the 
range of Young’s modulus cited in the literature and shown in 
Figure 6.1 as being between 2.1 and 2.8 GPa! Generally, for 
both polycarbonates, their derived modulus ranges are lower than 
the literature values for Young’s modulus.
Fuller details of all the values found in the literature
are listed in Table 6.1.
6.3. Mixed-Mode Fracture-Mechanics Values and Derived Moduli
The experimental range of values for critical
stress-intensity factors overlaps most of the values found in
the literature which are usually quoted without any indication
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TABLE 6.1. Comparison of Experimental with Cited Values for PC
Critical Strain- Young * s Notes and references
stress- energy modulus
intensity release-
factor rate E
MN m"3/2 kJ m “2 GPa
kICE g ICE (Derived) Range of values from
2.44 to 3.11 4.44 to 4.73 1.38 to 1. 97 current fracture-mechanics
tests on: Lexan
1.78 to 3.55 2.15 to 7.85 0.38 to 2. 47 Makrolon
(Direct)
2.07 to 2.41 Quoted design data of
Joseph Lucas Ltd (1963) 
for Lexan.
KjC range 
2. 4 to 2.7
KIC = 3. 62
KIC panSe 
2.24 to 4.00
KCl =  2.2
KC2 = 5 . 5
GIC = 4.85
rCl
'C2
= 3.5 
= 5.0
G-jq  range 
74 to 2.88 
°C &
mm min"1 
pm s-1)
2 
-12 
0.5 
(8.3
2. 4 
2. 41
2.3 to 3.7
2. 8
At 20 "C for slow strain 
rates. Kaye & Laby (1973)
Billmeyer (1962)
Range of values over 0,
45* and 90 degrees to 
direction of uniaxially 
stretched films.
Modulus of rectangular 
cantilever beams found 
by vibrating reed 
technique. Robertson & 
Buenker (1964).
Precracked Lexan 101 
at 26 °C. Ravetti, 
Gerberisch & Hutchinson 
(1975).
Key & Katz (1969).
Experiments on Makrolon. 
Parvin & Williams (1975a), 
Parvin & Williams (1975b).
Charpy impact analysis, 
Plati & Williams (1975).
Williams (1977).
Gurney-Hunt method for 
GIC. Tensile method for 
E and Poisson's ratio 
(=0.40).
Uete & Caddell (1983).
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Results of TPB Tests on SEN-Bars of Extruded Polycarbonate
of their precision. Key & Katz (1969) report a larger value 
than would be expected at 3.62 MN m“3/24 The explanation 
seems to lie with mixed-mode cracking which was identified 
after "pop-in" by Parvin & Williams. They attribute their high
4.00 MN m-^ 2 value to the plane-stress conditions that become 
more obvious at "pop-in" on the edges of the specimen as shear 
lips. The KIC, under these conditions, cannot be due solely 
to plane strain and the two component critical stress-intensity 
factors are identified as: KC1 for plane strain; KC2 fror‘
plane stress (also the larger of the two).
Parvin & Williams take the plane-strain value to be equal 
to KjC during initial slow crack-growth which they call the
"initiation" value and is equal to 2.24 MN m“3/2 (their
KC1 ^ *
Work by Plati & Williams using their Charpy impact 
analysis, on which ICI*s Data Bank progam is founded and used to 
produce the GiCE ranges, generates a value of
g ic = a. 85 kJ m 2 close to, but larger than the range for
Lexan and well within the range for Makrolon. This result
confirms the performance of the Data Bank program as complying 
with the Charpy impact analysis.
Combining the Parvin & Williams KjC results at 
"initiation" and "pop-in" with the Plati & Williams value for 
GIC enablee a derived-modulus range to be predicted as
1.04 to 3.30 GPa. This derived-modulus range encompasses
Lexan’s range while Makrolonfs range overlaps the bottom end of 
this range. The ranges for both materials fit into the bottom, 
two-thirds of this derived-modulus range indicating a slight 
tendency from plane-stress towards plane-strain conditions for 
these experiments.
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Reeulte of TFB Tests on SEN-Bars of Extruded Polycarbonate
Williams extended this work further (see Table 6.1), 
enabling the plane-strain and plane-stress derived moduli to be 
calculated: EC1 = 1 . 4  GPa and EC2 = 6.1 GPa. Thie is a huge 
difference in moduli considering that the difference should only 
be due to the correction for elastic lateral contraction using 
Poisson's ratio, from Uete & Caddell v = 0.40, so that: 
ECi/EC2 = i/(i - v2 ) = 1.19. These values calculated from 
Williams* work means that Ecl/ Ec2 = 0.23. Plainly this is 
contrary to physical experience and the underlying
fracture-mechanics methods and values should be re-examined.
Lexan and Makrolon derived moduli ranges are closest to 
the EC1 value. None the less, these two predictions from the 
Williams et al literature are quite different from directly 
measured Young’s modulus values in independent tensile
experiments.
6.4. Comments on Other Values from the Literature
Values corresponding to GjC were measured by Uete & 
Caddell using a refinement of the Gurney-Hunt sector method and 
found to be in the range 2.74 to 2.88 kJ m -2 at -12 °C. This
range starts at Just above half the value found using the Charpy
impact analysis. Their direct measurement of Young’s modulus 
and Poisson’s ratio were presumably also made at the same 
temperature and pulling rate. The Young’s modulus value of
2.8 GPa compares well with the range of 2.3 to 3*7 GPa at 24 °C 
given by Robertson & Buenker, although a more reliable 
comparison with the Lexan-Makrolon sets might be with their 45 ° 
set ranging between 2.5 and 2.8 GPa.
Uete & Caddell’s value of Poisson’s ratio, although at 
30 °C below room temperature, does allow an estimate of the
-6.6- 6rpc-sth3
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measured mechanically using the notch probing technique.
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Results of TPB Tests on SEN-Bare of Extruded Polycarbonate
percentage increase in modifying Young*s modulus to a 
plane-strain modulus to be made. The factor is
1/(1 - v2 ) = 1.190 or a 19 % increase in the value of Young's 
modulus.
6 .5 . Break Compliance of PC SEN-Bars in TPB
The overall pattern of points in Figure 6.2 shows a 
J-shaped curve consistent with notched bars being more compliant 
the deeper the cut of their notches. For both polycarbonates, 
pairs of bars were notched at similar values of a/w and from the 
distribution of points Lexan appears to have a more tightly 
curled curve than Makrolon. However, the spread of the pairs of 
points for Makrolon is greater than that of Lexan which 
corresponds generally to the finding in the fracture-mechanics 
plots that Makrolon showed more scatter.
6.6 Conclusions
Generally, critical stress-intensity factors for Lexan 
and Makrolon polycarbonates, at about 2.7 MN m-^/2 , were in 
agreement with those KIC values found in the literature. The 
literature did not state whether mixed mode conditions applied.
Critical strain-energy release rates at about
4.6 kJ m-2 and 5*0 kJ m-2 are close in value to the G jc ofr
4.85 kJ m-2 of Plati & Williams determined by Charpy impact 
analysis so this method of analysis is confirmed. However, it 
should be noted that the Gurney-Hunt method of Uete & Caddell 
produces a significantly lower value at 2.8 kJ m “2.
The derived modulus values are smaller than the range of 
Young’s modulus from the literature of 2.1 to 2.8 GPa and the 
Makrolon range, which is large, Just overlaps it. The
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corresponding plane-strain modulus range is 2.5 to 3-3 GPa and 
the polycarbonate derived moduli are smaller. This suggests 
that the tests are failing to meet the plane-strain and the 
plane-stress conditions. However, when the Uete & Caddell GjC 
is used with the experimental k j c e value of 2.7 MN m-3/2 to 
derive a modulus, a value of 2.6 GPa is calculated. This is a 
significant result because 2.6 GPa not only lies in the Young’s 
modulus range but also lies in the range of the plane-strain 
modulus!
From these results the method of determining GIC 
appears to be crucial.
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7. RESULTS OF TPB TESTS ON COMPRESSION-MOULDED PES
The intention is to use fracture-mechanics methods 
routinely on thin bars so it is important to find out whether or 
not critical stress-intensity factor and strain-energy release 
rate change with fracture-mechanics width. The numerical 
results of these tests are collected in Table 7.1. All these 
tests were made at a crosshead speed of 1.67 mm s”1. The 
10 mm set was reduced from 16 to 14 for the fracture-mechanics 
analysis because 2 SEN-bars, found to have irregular trapezoidal 
sections, were removed from the analysis set.
An indication of the size and shape of the SEN-bars can 
be gained from the reassembled halves shown in Figure 7.1. The 
V-shape of the notch can be seen on the right hand side of each 
bar. The two halves of each bar can be brought together like 
pieces of a Jigsaw puzzle to restore the original form of the 
bar indicating that the PES has broken in a brittle elastic 
fashion without obvious macroscopic signs of yielding. 
Generally, SEN bars break in a macroscopically brittle way and
yielding is microscopic usually restricted to the path of the
crack.
7.1. Variation of Stress-intensity Factor with Width
The first analysis presented in Figure 7.2 shows the
variation when the notch-depth is measured by mechanical
probing (MP). If only the sample mean values were available it 
would lead to the simple conclusion that KjCE values increased 
with width until the value saturated at 10 mm width. With the 
95 % confidence ranges for the population means drawn, no 
significant difference can be detected between the 5 mm, 10 mm 
and 25 mm values, since all their ranges overlap. Only the
-7.1- 7r»cpes-sth3
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FIGURE 7.1. Side view of re-assembled SEN bars cut from  
17.5 mm thick compression-moulded PES 300P slab and broken 
in TPB.
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FIGURE 7.2. Variation of critical plane-strain stress-intensity factor, 
^ICE* ^rom ^near regression analysis with fracture-mechanics width, 
w. Ranges show 9 5 %  confidence limits fo r the population mean, 
x ± s „ .  Notch-depth, a, was measured by mechanical probe technique, 
(MP). SEN bars were cut from compression-moulded (CM) PES 300P 
slab in the AX mode with breadth 17-5 mm. Loading rate  was
A
1-67 mm s , span 70 mm, temperature 23 °C, humidity 50 %  r.h.
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2.5 mm value appears to be lower and only significantly lower 
than the two largest width values.
Only the 2.5 and 5 mm sets have intercepts which are 
positive and significantly different from zero. Since this 
occurrence is in 50 % of the sets and is more than the 5 % 
expected by remaining random scatter, there should be a physical 
explanation of why this intercept occurs.
It is noteworthy that the %-fits are all above 90 % and 
the F-ratios are all significant at the 0.1 % percentage point 
of the F-distribution. Hence, the data are giving satisfactory 
regressions. However, the independent break-through-notch-tip 
proportion taken over all the compression-moulded sets states a 
contradiction: under half the bars broken (41 %) have broken 
through the notch-tip, but it is a necessary condition implied 
by the test that all tests should break through the notch-tip!
One likely source of error is in the measurement of 
notch-depth. Figure 7.3 shows how these KjCE results change 
when the notch-depth has been measured directly from the 
fracture surfaces with a travelling microscope (TM). 
Notch-depths measured by travelling microscope were greater than 
those measured by mechanical probing -- see Figure 11.1.
Again the sample means alone indicate an increase in 
Kjce value with width, peaking at 10 mm and falling slightly 
by 25 mm. Generally, these values are higher than before, if 
only by a small amount. With the inclusion of the predicted 
95 % confidence ranges for the population mean, all the ranges 
overlap so none of the variations in the sample means are 
significant. Hence, there is no significant change in KICE 
with width provided that the notch-depth is accurately measured.
The intercepts for the TM sets are positive but now only
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the 5 mm set has an intercept which is significantly different 
from the origin. This would mean that a significant intercept 
occurs in 25 % of the sets which is greater than the 5 % that 
would be expected by random scatter. However, because there are 
so few sets of this kind to be compared (only four) it is not 
possible to resolve this 5 % threshold in one set so it cannot 
be decided if this is actually a 5 % occurrence. To be able to 
resolve this detail would require more than 20 sets and if only 
one of these has a significant intercept it would indicate the 
tails of random scatter at less than 5 %•
Remeasuring the notch-depths with a travelling microscope 
means that the notch-depths are no longer undermeasured and some 
measurements will fall outside the 60 % sl/ vj criterion of the 
Brown & Srawley analysis. These measurements are not included 
in the linear regression analysis as can be seen by the (n/N) 
for the 2.5 and 5 mm sets.
Generally, the statistical measures are improved: the 
%-fits are higher as are the F-ratios which still indicates 
significant regressions at 0.1 %.
7.2. Variation of Strain-Energy Release Rate with Width
Figure 7*4- shows the variation of strain-energy release 
rate with width for notch-depths measured by mechanical probing.
On the basis of the sample means alone the value of 
Gjce appears to increase from the 2.5 to 25 mm value. 
However, when the 95 % confidence ranges are included no 
significant difference can be seen between the values of the 
three largest widths or the values of the three smallest widths 
but there is a small significant difference between the values 
of the 2.5 and 25 mm widths in a similar way to the values of
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FIGURE 7.4. Critical strain-energy release-rate, by linear 
regression, with fracture-mechanics width, w. Notch-depth, a, measured 
by mechanical probe (MP). SEN bars cut from compression-moulded (CM) 
PES300P slab in AX mode, breadth 17-5 mm. Loading rate was 1-67 mm s , 
span 70 mm, temperature 2 3 °C, humidity 50 % r . h .
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kICE *-n Fi-SU3?e 7*2.
None of the intercepts are significantly different from
the origin although the sample means all show positive intercept 
values.
The statistical indicators on the linear regression show 
high %-fits around 90 % and F-ratio values which are significant 
at the 0.1 % percentage point of the F-distribution.
Strain-energy release rate has not been recalculated to 
assess the effect of undermeasured notch-depths.
7.3. Variation of Derived Modulus with Width
Modulus, E, is derived from the critical stress-intensity 
factor and strain-energy release rate by the expression: 
(KiCE)2 = e *g i c e * Note that the SIF being squared makes 
it an influential component in the expression for the derived 
modulus. All values used are taken from tests in which 
notch-depths were measured by mechanical probing.
In Figure 7.5* the values derived from the sample means 
show the modulus reaching a peak value corresponding to a 10 mm 
width. However, all the 95 % confidence ranges for the derived 
modulus overlap for the full extent of the 25 mm width used, so 
there can be no significant difference between these values.
Only for the 10 mm width does the range of the derived 
modulus overlap the expected values of Young’s modulus found in 
the literature and from ultrasonic experiments (given in 
Chapter 10). The sets at this width also have the largest number 
of breaks through the notch-tip at [9/16] and the closest value 
of span to width ratio at s/w = 7 to the Y-factor published for 
s/w = 8 and used for analysis in this case.
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fo r  PES from fhe literature and 
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FIGURE7.5. Variation of Young's modulus, E, calculated by E = 
with fracture-mechanics width, w. Ranges show 95 %  confidence 
limits fo r population mean, x t  s^ . Notch-depth, a, was measured 
by mechanical probing (MP). SEN bars were cut from compression- 
-moulded (CM) PES 500P slab in AX mode with 17*5 mm breadth.
Loading ra ted nstro n  cross-head speed) was 1*67 mm s span 
70 mm, temperature 2 5 °C, humidity 50 %  r.h.
[ m / N ]— m out of N SEN bars broken in three-point-bend tests (TPB) 
show break through notch-tip.
s /w  —  supporting-span, in TPB, to fracture-mechanics-width ratio.
( n / N )— in other figures, data from n SEN bars out of N prepared 
and fractured, in that set, were analysed.
-7.10- 7rcpes-sth3
Results of TFR Tests on compression-moulded F&is
7.4. Variation of Break Compliance Curves with Width
All the compliance curves for the compression-moulded PES 
SEN-bars are shown in Figures 7.6, 7*7 and 7.8. Although the
lines of the curves have not been drawn in, the points 
themselves give a good idea of the shape of the curve they 
describe particularly for the widths of bar 5# 10 and 25 mm
where there is remarkably little scatter of points. This is not 
true for the 2.5 mm width of bar where the erratic scatter 
dominates, almost totally obscuring any J-shaped trend. Such 
erratic behaviour would support the idea that these thin bars 
under test are slipping in an unpredictable way into the span 
and giving rise to a scatter of large valued compliances.
It is also noticeable that the points identified with 
through the notch-tip breaks (ringed) do not appear to behave 
differently from the other points in the same set.
7*5. Conclusions
Critical stress-intensity factor, k i c e * does not vary 
with fracture-mechanics width provided that notch-depths are 
measured accurately with a travelling microscope from the 
fracture surfaces. The SIF value is about 2.5 MN m“3/2 for 
compression-moulded PES 300P by this method.
Critical strain-energy release-rate would also be 
improved if accurate notch-depths were used in its calculation 
and would be expected to be constant across the range of 
fracture-mechanics widths at a value of about 2.5 kJ m“2 .
On the basis of these values the derived modulus would be 
about 2.5 GPa which is on the lower bound of the Young’s moduli 
from the literature (2.5 to 3*4 GPa) and smaller than the range 
of plane-strain moduli (3.0 to 4.1 GPa) in Table 10.2. This
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FIGURE 7.7. Variation of SEN bar compliance in TPB tests  
with notch-depth to width, a/w, based on centre-o f-bar  
deflection,S, at break force, f, for bars cut from PES300P 
compression-moulded slab. Notch-depth, a, was measured with 
a travelling microscope on the fracture surfaces. Breadth, 
b =17-5 mm; width, w = 10 mm; span, s = 70mm; and s/w =7. 
Loading rate was 1.67 mm s’ at 2B°C and 5 0 %  relative  
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FIGURE 7.8. Variation of SEN bar compliance in TPB tests with 
notch-depth to width, a/w, based on centre-of-bar deflection, S, 
at break force, f, for bars cut from PES300P compression-moulded 
slab. Notch-depth, a, was measured with a travelling microscope 
from the fracture surfaces. Breadth, b =17-5 mm,- width, w = 25 mm; 
span, s = 70mm; and s/w = 2-8. Loading rate was 1-67 mm s“^  a t 
23 °C and 5 0 %  relative humidity.
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tends to raise doubts about the test conditions.
The fact that the overall proportion of breaks through 
the notch-tip is 41 % when it should be 100 % indicates a 
toughening of the notch-tip during the cutting of the notch. 
This could be causing the change in the conditions of the test.
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8. RESULTS OF TPB AND TENSILE TESTS ON INJECTION-MOULDED PES
8.1. Effect of Chosen SEN-Bar Location within Discs
Bars were cut systematically from each disc so that bars 
1 and 2 were located approximately on one side of a diameter and 
bars 3 and 4 on the other. Bars were labelled in sequence so 
that they could be distinguished from each other (see 
Figure 4.1). Bars from the same disc were notched together to 
the same depth from the cavity-side surface, and so each disc 
set had a different notch-depth.
This arrangement allowed the bar position on the disc to 
be used to check for the effect of molecular orientation as it 
varied along the line of the notches. However, residual stress 
could also have a major effect on the outcome. Note that the 
line of the notches was along the centre of the bars at right 
angles to the bar-length orientation: in effect the diameter at
right angles to the bar-length orientation.
Only the 0 ° bar-length orientation of 3*4 mm width bars 
was examined in detail. The results for stress-intensity factor 
and intercept are shown in Figure 8.1. There were five discs 
used in the full set. The collected data from each of the bar 
positions (1, 2, 3* 4) were collected and analysed. Then the
data from the outer bars (1+4) and inner bars (2+3) which were 
symmetrically located were collected and analysed. Finally all 
these bars were analysed together (1+2+3+4) for the full set.
None of the individual bar positions are significantly 
different in SIF value from the others, nor do the symmetrical 
combinations of bars show any significant difference. Overall 
the full set is not significantly different from the bar 
positions or combinations.
Throughout, the sample means for the intercept have
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FIGURE 8.1. Effect of bar-location ( bar-position), within set of 
four bars cut from each disc, on critical stress-intensity fa c to r, K j^ .  
SEN bars were cut from injection-moulded (IM ) PES 300P discs in 
INTO mode, bar-length orientation 0°, breadth 12-6 mm, fra c tu re -  
-mechanics width 3-4 mm. Ranges show 9 5 %  confidence limits 
fo r population mean, x + s ^ .  Notch-depth, a, was measured by 
mechanical probing (MP). Loading ra te d n s tro n  cross-head speed) 
was 1 • 67 mm s\ supporting span 70 mm, s / w = 21, temperature 
23 °C, re la tive  humidity 5 0 % .
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values about 5 N and only for bar position ll, the combinations 
and the full set does the intercept become significantly 
different from the origin. This significant 5-N intercept 
indeed may reflect systematic effects of sampling through a 
layered flow pattern.
Altogether these results were not a surprise because the 
notch-depth was varied for each disc. Thus the notch-depth was 
located at a different depth within the changing polymer flow 
pattern, and hence the molecular orientation distribution, for 
that disc. This, in turn, meant that such effects of molecular 
orientation that could be detected became incorporated into the 
experimental scatter for the SIF and intercept values. A 
significant difference would only be seen if there were to be a 
large and consistent difference in values between the individual 
bar-positions throughout the range of notch-depths. This was 
not detected.
A consequence of the consistent practice of cutting and 
notching bars in this systematic way was the replication of the 
same notch-depth (four times) within the full set. This, 
unfortunately, gave bunching of data around the subset for each 
disc rather than ensuring the maximum number of data points were 
spread evenly through the valid range to better define the 
linear regression line. Further examples of bunching for the 
same reason are seen in the plots of break compliance with 
relative notch-depth but here it gives useful information about 
the variability of response at a given notch-depth and 
identifies those sets in which bars were bending and slipping 
into the supporting span.
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FIGURE 8.2. E ffect of bar-length orientation, 0, on critical stress-
-in tensity  factor, Kjpc, fo r SEN bars cut from injection-m oulded(IM)
PES BOOP discs in INTO mode with fracture-mechanics width of 3-4mm
and breadth of 12-6 mm. Notch-depth, a, was measured by mechanical
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probing. Loading rate (Instron cross-head speed) was 1 * 67 mm s , 
span 70 mm, temperature 23 °C, humidity 5 0 %  r.h. Ranges show 
95 %  confidence limits for population mean, x ± s ^ -
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FIGURE 8.5. Effect of SEN bar-length orientation, 0, on critical 
plane-strain energy-release rate, Gj q : , for bars cut from injection- 
moulded (IM) PESBOOPdiscs in INTO mode with fracture-mechanics 
width of 3-4 mm and breadth of 12*6 mm. Notch-depth, a, was 
measured by mechanical probing. Loading rate (Instron cross-head 
speed) was 1*67 mm s , span 70 mm, s/w = 21, temperature 2 3 °C , 
relative humidity 50 % .
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8.2. Effects of Bar-Length Orientation
The variation of critical stress-intensity factor with 
bar-length orientation is shown for 3.4 mm wide bars in 
Figure 8.2. Considering the sample mean values of KjCE alone, 
it is clear that the O ° and 90 ° values are almost equal while 
the 45 ° value is slightly higher. This difference is not 
significant when the 95 % confidence ranges are included. It 
is, however, noteworthy that only for the 45 ° bar-length 
orientation is there no significant difference between the 
origin and the intercept. This pattern is also repeated for 
2.4 mm wide bars as indicated in Table 8.1.
The linear regression indicators show a good fit to the 
data with over 98 % of the variation being accounted for by the 
linear regression lines which are all significant at 0.1 %. 
However, their "proportion of through notch-tip breaks" are very 
small and suggest that the material at the notch-tip is somehow 
tougher because the effect is not restricted to a particular 
notch-depth.
The variation of critical plane-strain energy-release 
rate with bar-length orientation for 3.4 mm wide bars is shown 
in Figure 8.3. For the sample mean values of gjce alone, the 
45 ° value is slightly higher than the others but is not 
significant when taking into consideration the 95 % confidence 
ranges. None of the intercepts differ significantly from the 
origin.
The linear regression lines account for over 96 % of the 
variation in the data and are significant at 0.1 %. However, 
their "proportion of through notch-tip breaks'* are identical 
with the SIF plot and remain very small.
The SIF variations may be showing a subtle orientation
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interaction which is most obvious in the lack of a significant 
intercept. The notch-depth samples different depths within the 
moulding at which ,the flow pattern will be different. At the 
45 ° bar-length orientation the direction of the notch cuts both 
the surface layer and body layer frozen flow, and therefore 
molecular orientation, at an angle between 0 ° and 90 °. Thus, 
if this insight is correct, the lines of molecular orientation 
are maximized across the line of the notch giving a slight 
toughening which, apparently, is lost in the scatter.
8.3. Fracture Evidence for Frozen Flow Layers
In order to discover the effect of the frozen flow layers 
within the injection moulding, 6.3 mm discs were thinned down to 
about half their thickness to be comparable with a 3 .38-mm thick 
disc, except that it did not have the surface flow layer. SEN 
bars were cut, notched and tested in the usual way for these 
thinned, 90 0 bar-length orientation bars.
The results of this experiment are included in Table 8.1 
where the thinned 3.28 mm width is listed before the 3-38 mm 
full-width. The tests were made at 1.67 mm s"1 . The sample 
mean value of SIF is smaller for the thinned-disc set than for 
the set from equivalent thickness of moulded disc although this 
is not significant when the 95 % confidence range is also 
considered. The intercept for the thinned disc set is not 
significantly different from the origin unlike the equivalent 
moulded-disc set which has a significant intercept which 
suggests that the thinned disc lacks a systematic effect present 
in the layers of the complete moulding.
The critical strain-energy release rates for these two 
sets are significantly different by a small amount and the value
-8 .7- 8impesl-sth3
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TABLE 8.2. Young's modulus of PES 300P injecfion-moulded discs af c.23°C& c.50%  r.h. by calculation 
from critical plane-strain stress-intensity factor, K j ^ ,  and critical strain-energy release rate, G ^ .
Fracture
mechanics
width
Notch-mode
&
Breadth
2  -1» Young's modulus, E, calculated by E= Kjcjt.G jcj: ,  in TPB.
E
Span Span-to- 
-width 
ratio
w b GPa x + s95 s s / w
mm mm Loading rate: 1 - 67 mm s"^  [ = 100 mm /min] 1-0 m s-^ mm
x + sx x + sx Bar-length
orientation:0° 45° 90° 0° 90°
1-52+0-07 INTO (Thinned from 6-3 mm discs) 0-87 + 0-64 
12-85 + 0-21 (6 / 8 ) 12/8]
70 46
1-84+0-10
[dcl-ICI]
INTO
10*22  ± 0*15
0-63 ±0-26 
(9 /1 0 )
0- 5 6  ± 0 -19 
(1 2 / 1 2 )
40 2 2
2-41+001 INTO
12-28 + 0-17
0*16±0-07 1-55±0-26 0-45 + 0-16 0-69±0-21 1-36 ±0*89 70 
(20/20)16/20] (16/16)18/16] (16/16)[5/16] (15/16)116/161 (11/16)114/16]
29
3-28+0-04 INTO (Thinned from 6-3 mm discs) 2-12 +0-35  
12-76+0-21 (8 / 8) [7/81
70 21
3-38+0-04 INTO 
12-62 + 0-26
1-90 + 0-23 2-06 + 0-17 1-98 + 0-19 1-58+0-28 1-33 ± 0-19 70 
(20/20)11/20] (16/16)12/181 (16/16) [2/16] (30/37) [14/37] (14/16) [14/16]
21
6-16+0-02 INTO
6-35+0-18
2-19 ±0-32  
(14/14) [14/14]
70 11
6-36+0-13 AX
6-15 ±0*02
2-50+0-33
(14/14H12/14]
70 11
13-42+0-18 AX
6-14 + 0-01
2-06+0-69
[15/32]
70 5
[del—IC I] — from data supplied courtesy of D.C. Leach, I CL
( n / N ) —  linear regression analyses on data from n bars out of N prepared and fractured in that set. 
[ m / N ] —  only m bars have fracture surfaces showing a break through the notch-tip from N in the set.
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for the thinned set is smaller* than that of the equivalent 
moulded disc, which is further evidence for the complete moulded 
disc being tougher than the thinned equivalent thickness disc.
The derived Young’s modulus range for these SEN-bars is
shown in Table 8.2 and is one of the closest to those values
found in the literature (see Chapter 10). The general 
implication of this result is that these frozen layers appear to 
have a complicating effect on the process of fracture. Hence, 
fracture mechanics values, particularly g j c e * ape blgge3p than 
they should otherwise be, which, in turn, produces a much 
reduced derived modulus value.
The strongest evidence of a difference in these two sets 
is found in the proportion of through the notch-tip breaks: for
the thinned disc set it is [7/8] and for the equivalent moulded 
disc is [2/16]. This is indeed a remarkable result when ”1/8” 
changes to ”7/8” by the removal of the one surface layer. 
Therefore, the surface layer of the moulding must have a greater 
toughening effect at the notch-tip than the orientation (or
residual stress) in the body layer, albeit in comparison with a
thinned 6.3 mm disc.
8.4. High Values of Through Notch-Tip Break Proportions
Ideally, all the SEN-bars should break through the 
notch-tip so [m/N] should be [N/N], that is unity. Such high 
values are found only in three of the six k i c e values at the 
loading rate of 1 m s’"1 , in the 3* 28-mm-width thinned set and 
the two 6-mm square section bars at the loading rate of
1.67 mm s_1 (see Table 8.1). The improvement in value at 
higher loading rates suggests that any notch-tip toughening was 
effectively reduced for faster tests.
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t m /  N ]: 6 / 2 0 1/2 0 14 /14
Breadth, b /  mm: 10-2 12-3 12-6 6*4 10-3
s / W : 27 29 21 11 8
In  / N): 11/ 1 1 2 0 / 2 0 2 0 / 2 0 14/ 14 12/12
%  fit: 96-2 75*3 98-9 98-6 96-4
F-ratio: 231 55 1 637 843 271
CNI
mr_
LU
LJ
Ranges show 95 %  confidence 
limits for population mean, 
x ± s 95 .
*  — see FIGURE 8.5 
fo r TM results.
0 1 2  3 8 9 10 11 12 13 14
<  - IQ ­
S ’ - 2 0 -
Li
£  -3 0 -
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Fracture mechanics width, w / mm
FIGURE 8 .4 . Variation of critical stress-intensity factor, K j££, with 
fracture-m echanics width, w. Notch-depth, a, was measured by mechanical 
probing (MP). SEN bars were cut from injection-moulded (IM ) PES300P 
discs in INTO mode. Loading ra te  was 1*67 mm s , temperature 23 °C , 
re la tive  humidity 50 % . Bar-length orientation, 0, was 0°.
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Crack mode:
C m / N ] :  
Breadth, b / mm: 
s I  w :
( n / N) :
%  f i t :
F-ratio:
INTO (TM) 
6/20 
12*3 
29 
20/20 
96*2
457
INTO(TH)
14/14
6-4
11
12/14
98*6
700
AX(MP)
12/14
6*2
11
1 4 /14
99*4
2 089
AX(MP)
15 /32
6-1
5
3 2 / 3 2
86*3
189
CXI
m
i
E
Z
5: 2-
Ranges show 95 %  confidence lim its 
for population mean, T  ± S9 5 .
LU
LJ * * — for original MP results see FIGURE 8.4.r—1
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
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m m
n —  
13
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-  50 
0
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Fracture mechanics width, w /
FIGURE 8.5. Variation of critical stress-in tensity  factor, K ^ ,  with 
fracture-mechanics width, w. Notch-depth, a, was measured by mechanical 
probing (MP) for AX mode bars and by travelling microscope on INTO mode 
bars. SEN bars were cut from injection-moulded (IM ) PES 300P discs.
A
Loading rate ( Instron cross-head speed) was 1*67 mm s , temperature 
23 °C, relative humidity 5 0 % . Bar-length orientation, 0,was 0°.
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8.5. Variation of Stress-Intensity Factor with Width
The TPB tests and analysis used do not reveal unequivocal 
differences in SIF due to bar-length orientation, nor does the 
change in loading rate shown in Table 8.1 appear to cause 
significant differences. Therefore, the representative
variation of SIF with fracture-mechanics width is taken to be 
that for the group with the largest range of widths: that with
bar-length orientation of 0 0 and loading rate of I .67 mm s-1. 
In order to make these results clear they have been presented in 
Figures 8.4 and 8 .5 .
It should be noted that these results incorporate four 
major sub-groups.
1. There are two SIF results which are based on 
tests made by Mr D. C. Leach of ICI; these are ringed on the 
graph. Futhermore, these test bars were not available for the 
number of through notch-tip breaks to be counted: hence, no 
[m/N] proportions are shown.
2. This is the major sub-group of SIF results
made in an identical fashion to the first: the notches were cut
in the INTO mode and the notch-depths were measured by 
mechanically probing the notchs (MP). The SEN-bars which were 
6.16 mm wide were effectively square in section with a breadth 
of 6.35 mm.
The SIF results of the first two sub-groups are given in 
Figure 8.4.
3. Here for two members of the major sub-group
(2.4 and 6.2 mm widths) the notch-depth was remeasured on the 
fracture surfaces with a travelling microscope (TM) and 
reanalysed.
4. In order to extend the widths available on
-8 .13- 8impes2
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the injection-moulded discs, the bars were notched on a cut 
length in the AX mode. The breadth of these bars was 6.15 mm.
The SIF results of the last two sub-groups are given in 
Figure 8.5*
The overall pattern of the sample means for the critical 
stress-intensity factor is one in which the value rises from 
Just below 2 MN m “3/2 a-t 1.9 mm width to 3 MN m-3/2 around 
6 mm width and falls back to around 2 MN m-3/2 for 13*5 mm 
width. When the range of the 95 % confidence limits is applied 
there is considerable overlap for widths above 3 mm with the 
value for the square-section 6-mm AX-mode bar only overlapping 
the highest valued members.
Note that that the 6 mm INTO and AX sets do not overlap
for the MP measurements of KjCE indicating a small significant
difference due to the way the cut lengths of the bars are
presented in the INTO mode compared with the AX mode. The
difference in values reflects the nature of the surface layers 
present on the outer sides across the breadth for each set and 
are the cut surfaces or the surface layers of the 
injection-moulding respectively. The two surface layers present 
in the AX mode, with their molecular orientation parallel to the 
length of the bar, would be expected to increase the toughness 
of the bar; but cut edges, in the identical position for the 
INTO mode, introduce flaws which reduce the measured toughness. 
For the INTO mode there will be the additional effect of how the
notch samples the different frozen layers in the moulding
itself. The body of the moulding is filled with polymer packed 
into the moulding so that it is likely to break in a similar 
fashion from whichever of the two directions it is broken.
The SIF value for the 1.9 mm width although low compared
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S ^ N _ F L E X U R E _ I E S I
m  Test spe^d- 10B.0 Cnm/min) 
Spec.Diroot ion: 0
LINEAR Y=A+B*X 
PES-0091
VICTREX 3 00P.-'HBC I 7 
Y= +21 . 4 +  2 1 . 3 1 *X
I  n  t  e  r  c  e  p t  ( x = - 1 . 0
7 5 . 3  X  F i t : -  
( q u a l i t y  o f  r 0 1 a t  1 □ n s h i p  
b e t w e e n  X a n d  YJ
Kc = .67 MN-'YiV1-3 )
Pa 1 yr* r 9d 1 tn d* I* I v 
Oat a Bank
CEhtrys 2333 
Tsmpcra'iure" +"23.^ C O  Span— 7B'‘nmJ
r  5 5 . SB
F o r c e C N )
FIGURE 8.6. TPB break force— fracture mechanics quantity (FMQ)
plot for SEN bars of injection-moulded PES300P broken at an
1 -1
Instron crosshead speed of 1 • 67mm s (=100 mm min ). Fracture- 
-mechanics width, w, was 2*41 mm; breadth, b = 12*28mm; bar-length 
orientation, 0 = 0 °; notch-crack mode, INTO; supporting span, s=70m m  
and s /w = 2 9 ; ( n / N )  = (2 0 /2 0 )  and [ m / N ]  = [ 6 / 2 0 ] .  Notch-depth, 
a, was measured by mechanical probing (MP).
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with the majority of the others shows that an almost null 
intercept exists: a state which would be considered ideal in
terms of linear-elastic fracture-mechanics theory! This very 
thin thickness of moulding has a very small body layer and 
amounts to back-to-back surface layers. The low values of these 
results probably reflects this situation especially as the % fit 
has a high value.
The neighbouring SIF value for 2 .4 mm has both a very low 
value of SIF and a significant positive intercept. Figure 8.6 
shows its break force —  fracture-mechanics quantity plot and it 
is clear that the linear regression line does not fit most of 
the points. This fact is also obvious from the low value of 
% fit stated alongside the plot as 75*3 %• The poor fit seems 
to be due to the wide scatter of the top four points associated 
with the shallowest notch-depth bars from one disc. This 
suggests a difficulty in measurement of notch-depths by the 
mechanical probing technique. The improved SIF values and 
96.2 % fit, when remeasured notch-depths using a travelling 
microscope are substituted in the analysis, confirms this view.
Even with remeasurement, the SIF value for the 2.4 mm 
width is significantly smaller than expected from compression 
moulded results, if there is to be a similar insignificant 
variation in k i c e foIi increasing width. Indeed there remaine 
a significant positive intercept, in the revised regression, 
although reduced to half the MP value. However, the through 
notch-tip break proportion is also small at [6/20]. This must 
indicate the influence of a systematic error or physical effect 
like a toughening at the notch-tip.
Significant intercepts are also recorded for the 3.4 and
13.5 mm widths of bar. Here again their through notch-tip break
-8.16- 8impes2
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proportions are small. Note that significant intercepts are 
even recorded when the % fit has a high value.
In Table 8.1 whenever significant intercepts have been 
recorded an asterisk has been placed beside the gradient value. 
There is no overall pattern to the distribution of significant 
intercepts with the particular exception of the lack of 
significant intercepts for the 45 ° bar-length orientation 
kICE va-lues«
If the mechanically probed kjce valuee aJ?e considered 
to sample the same population, since bar-length orientation and 
loading rate produce no significant differences, and even though 
the sample sizes vary between 8 and 32, then there are 9 values 
out of a total of 21 analysed which also have significant 
intercepts. Put in percentage terms this means that a 
significant intercept occurs in 43 % of the results. To be due 
only to the 5 % tails of the random scatter only one significant 
intercept should occur. Hence, there must be a physical cause 
for the intercept to occur. Part of that cause can already be 
attributed to the systematic error of notch-depth measurement by 
mechanical probing. Another part would be due to the toughening 
that diverts the crack away from the notch-tip, although this 
might equally well be considered due to some misalignment of the 
bar in loading.
From the reanalysis of the 2.4-mm width data there are 
three important changes which take place when the systematic 
error of notch-depth measurement by mechanical probing is 
corrected by travelling microscope measurements: the size of the
intercept is reduced; the value of the gradient-derived KjCE 
is increased and this is accompanied by an increase in % fit. 
However, the same process for the 6.2 mm wide set leaves the
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irach mode: IN IU IN IU INI U A A
I m l  N ] : 6 / 2 0 1 /  2 0 14/14 12/14
Breadth, b / mm: 12*3 12*6 6-4 6-2
s /  w : 29 21 11 11
( n /  N ) : 2 0 / 2 0 2 0 / 2 0 14 /14 14/14
%  f it : 85*7 96-3 97-5 97-0
F-ratio: 108 468 471 385
A A
1 5 / 3 2
6-1
5
3 1 / 3 2
67*9
62
2
Ranges show 95 %  confidence  
lim its fo r population mean, x ± s^^.
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
i---- 1---- 1----1---- 1----1----1----1----1----1--- 1----1---- 1----1----1
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Fracture mechanics width, w I mm
FIGURE 8.7. Variation of critical p lane-stra in  energy-release rate, G j ^ ,  
with fracture-mechanics width, w. Notch-depth, a, was measured by 
mechanical probing (MP). SEN bars were cut from injection-moulded (IM )  
PES 300P discs in both INTO and AX modes. Bar-length orientation, 0, 
was 0 ° . Loading rate (Instron cross-head speed) was 1-67 mm s J 
temperature 23 °C, relative humidity 5 0 % .
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intercept and % fit values almost unchanged while the KICE
value is slightly increased and the 95 % ranges are also
increased. These changes indicate that systematic errors have
the most pronounced effect on the thinnest widths of bar, from 
the thinnest moulded discs. However, the most important change 
is that the regression line appears to rotate to a steeper 
gradient when systematic notch-depth errors are removed! Thus a 
greater value of KjCE is found.
8.6. Variation of Strain-Energy Release Rate with Width
Once again the variation with width for the 0
bar-length orientation and loading rate of 1.67 mm s-1 is 
taken to be typical, in harmony with the SIF measurements. 
Figure 8.7 shows that GiCE has remarkably little variation 
with width: the only significant difference being between the AX
mode results. Otherwise, despite the systematic error
associated with these mechanically probed measurements of the 
notch-depth, the value of the strain-energy release rate is 
about 3 kJ m-2.
Only two bar sets show significant intercepts, both 
positives the INTO mode square-section 6 mm width and the AX 
mode 13.5 mm width which also has a very low % fit at 67-9 %•
8 .7 . Variation of Derived Modulus with Width
By using derived Young’s modulus calculated from SIF and 
strain-energy release rate in E = (KjCE)2•^g i c e  ^
success of the fracture mechanics analysis is indicated and 
these results are shown in Table 8.2. Only one sample mean 
value even reaches the threshold of Young’s modulus values found 
in the literature while others barely overlap this threshold in
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FIGURE 8. 8. Variation of Young's modulus, E, calculated by E =
with fracture-mechanics width, w. Ranges show 95 %  confidence limits
for population mean, x ± s ^ .  Notch-depth, a, was measured by mechanical
probing ( MP). SEN bars were cut from injection-moulded (IM ) PES 300P
discs. Bar-length orientation, 0, was 0 ° . Loading rate (Instron cross-
-1
-head speed) was 1-67 mm s , span 70 mm, temperature 23 °C, relative  
humidity 5 0 % . Further details about each point are displayed in the  
column above the point.
[ m /  N ] — m out of N SEN bars broken in three-poinf-bend (TPB) 
tests show break through notch-tip.
s /  w 
width.
ratio of supporting-span, in TPB, to  fracture-m echanics
( n I N ) — in G ^  and fig ures , data from n SEN bars out of 
N prepared and fractured, in that set, were analysed by linear 
regression.
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their 95 % confidence ranges.
Figure 8.8 shows the variation with width for the 0 ° and
1.67 mm s-1 set of results. Only for the widths above 6 mm is
there any overlap of the derived modulus ranges with the bottom 
of the Young’s modulus from the literature. This corresponds 
with a much higher break-through-notch-tip proportion and the 
only two AX mode widths, the third and remaining member of this 
group being of the INTO mode. The values corresponding to the
2.4- mm and 3.4- mm widths are a consequence of the very low and 
low values of mechanically probed SIF.
The fact that so few of the derived moduli (3 out of 17)
show agreement with even the lowest values of Young’s modulus
for PES when they would be expected to agree with the 
plane-strain modulus, about 20 % higher than Young's modulus, is 
surely an indication that the method and analysis of the 
fracture mechanics test is not giving true values consistent 
with the elastic assumptions of the test.
8 .8 . Break Compliance Variation in TPB for SEN Bars
In Figure 8 .9 the break compliance for the two sets which 
have had their notch-depths remeasured using a travelling 
microscope are shown. For the 2. 4- mm width bars the scatter is 
so wide that no clear trend is shown. However, for the 6.2 mm 
width bars the situation is transformed: a distinct upward trend 
is seen, showing the expected increase in compliance with the 
relative increase in the depth of notch. Moreover, the breaks 
were all through the notch-tip compared with only [6/ 2 0 ] for the
2.4- mm set. There is plainly a difference in the behaviour of 
the 2.4- mm bars in these tests. Bending and slipping of the 
bars into the span would be the likely explanation.
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Results of TPB and Tensile Tests on Infection-Moulded FES
Figure 9*4. shows that even for 3.4- mm wide bars tested 
at 1.67 mm s-1 there is still a large amount of scatter but 
the upward trend is easily distinguished. Even for the 13.4 mm 
wide bars (Figure 8.10), the compliance curve is submerged in a 
scatter of points. Perhaps, if there had been more notch-depths 
regularly distributed throughout the valid range, a better 
definition of the compliance curves would have been achieved and 
this could also have improved the fracture mechanics results.
8.9* Critical Stress-Intensity Factors from Tensile Tests
In Figure 8.11 the results of tensile tests on the four 
thicknesses of infection-moulded disc are shown. Here these 
thicknesses of disc become the breadth of the bar notched in the 
AX mode because it is usual to grip the bar on its largest faces 
with the crack being grown at right angles. Even when the 
gripped face was also the notched (INTO mode) face the outcome 
of these tests was not significantly different from the others.
There is no significant difference between the values of 
kICE the various breadths of bar: its value is about
1.5 MN m-3/2, noticeably lower than the 2.0 to 2.5 MN m -^ 2 
typical of the TPB compression-moulded PES and thicker 
infection-moulded PES. For all of these sets the intercepts are 
large, positive and significantly different from the origin even 
though the regressions are significant at 0.1 % and the % fits 
are better than 83 % and the mafority better than 91 %•
From the TPB tests two sources of systematic error have 
been found: one due to undermeasurement of the notch-depth by 
mechanical probing and the other due to toughening at the 
notch-tip. However, the size of the intercept on bars from 
infection-moulded disc tests in three point bend is contained
-8.24- 8impes3
Crack direction: A X AX AX AX INTO INTO
B ar-orientation/0 : 0 0 0 0 0 90
Fracture-mechanics 
width, w /  mm: 12*6 12-6 12*7 12-7 2-4 2-4
(n  /  N): 7 /8 8 / 8 8 / 8 9 /9 24/32 12/16
%  f it : 9 8-4 94*1 94-5 93-3 91-5 83-8
F -ra ti o: 309 96 102 98 236 52
CN|
m
iE
Z
z:
LU
LJi—i
0 1 2 3 4 5 6 7 8 9 10 11 12 13
CL
01
LJt_
01
c
700-i
600-
500-
400
300
200
100
0
I
I
X Ranges show 9 5 %  confidence 
limits for population mean, x ± S9 5 .
0 1 9 10 11 12 132 3 4 5 6 7 8
Breadth, b I mm
FIGURE 8.11. Variation of critical plane-strain stress-intensity factor, 
Kjce , in tensile tests  by linear regression with breadth, b, of SEN 
bars. Notch-depth, a, was measured by mechanical probing (MP). SEN 
bars were cut from injection-moulded ( IM ) PES 300P discs. Ends of 
each bar were clamped in jaws at a separation of 35 mm and pulled at 
an Instron cross-head speed of 1* 67 mm s~l Temperature was 23 °C 
and relative humidity 50 % .
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within 100 N which is far smaller than the 100 to 700 N range 
for the tensile tests. Hence another large source of systematic 
error is expected. A likely source is due to the use of grips 
rather than centreline pin loading around which the analysis is 
constructed. Such a systematic error was described by Leach & 
Moore (1985)* when they reported fracture toughness measurements 
made on isotropic PMMA in three point bending, clamped SEN 
tension (gripped) and pin-pointed SEN tension (centreline pin 
loading). Their regressions produced a gradient derived SIF 
value of 1.6 ± 0.1 MN m"“3/2 for all these methods of 
measurement except that the clamped SEN tension regression 
produced a large positive intercept value which they attributed 
to the bending stress generated during the opening of the crack 
caused by the clamping conditions but not found in the 
pin-pointed SEN tension experiments.
8.10. Conclusions
These results are plainly the product of several 
influences. Compensating only for mechanically probed
notch-depth measurements does not disentangle these influences. 
Even when the notch-depth is measured with a travelling 
microscope to remove probing errors, evidence of other 
systematic effects remain as seen in the reanalysed sets by the 
remaining significant intercepts with high values of % fit and 
low values of break through notch-tip proportions. These 
contradictions point to a systematic effects like toughening of 
the notch-tip.
Tests on these bars from inpection-moulded discs are 
further complicated by the fact that the depth of notch INTO the 
moulding effectively samples different layers of material in the
-8.26- 8impes3
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moulding. Hence average values for the SIF and strain-energy 
release rate are produced over the sample taken down through 
these layers. The size and nature of the body layer, or its 
absence, will contribute systematic effects which may not be 
apparent in the linear regression gradient. The thinned discs 
even have intercepts which are not significantly different from 
the origin.
A different kind of averaging occurs when the notch-tip 
is introduced across (AX) the thickness of the moulding. The 
crack effectively samples all the layers in the moulding at once 
without any of them being removed. Such tests yield a higher 
toughness value.
If ultimately all these influences could be resolved and 
compensated for, it seems certain that both the k i c e and 
gICE w^13- have constant values with width.
These results emphasize that the statistical measures, 
F-ratio and % fit, can only describe the quality of the 
relationships within the data; whether a regression line fits 
the data well by passing through all the plotted points. They 
cannot indicate that the fundamental measurements incorporated 
into the data contain systematic errors. However, an indication 
of a systematic error can be deduced from the presence of a 
significant intercept. It is the empirical observation
expressed as the proportion of breaks through the notch-tip 
which indicates that there are systematic effects which are 
contrary to the assumed conditions of the test.
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9. RATE EFFECTS FOR TPB TESTS ON INJECTION-MOULDED PES
The effect of varying the loading rate, the speed at 
which the bar was flexed, in three-point-bend tests was explored 
using only the 3.4 mm injection-moulded discs as the source 
material for the SEN bars. Details of the results are set out 
in Table 9.1. All the notch-depths were measured by the 
mechanical probing technique.
The widest range of loading rates exists for the 0
bar-length orientation and the results are taken as 
representative of all the orientations because there is no
significant difference at identical rates for SIF and all but
two of the critical strain-energy release rates.
9.1. Variation of Stress-Intensity Factor with Loading Rate
Figure 9.1 shows the variation in KICE and t h e  
intercept with loading rate. From the ranges presented the 
value of SIF remains constant at about 2.2 MN m “3/2 across the 
extent of the loading rates, about 5 decades. The intercepts 
for the two middle values are both significantly different from 
the origin although the regressions show above 97 % fits and are 
significant at 0.1 % but the through notch-tip break proportions 
are small indicating, once again, good linear regressions for 
the data that have suspect experimental pedigrees!
9.2. Variation of Strain-Energy Release Rate with Loading Rate
Figure 9.2 shows that there is a lack of variation in 
gICE values with loading rate. The value remains constant at 
about 3*05 kJ m-2. The slowest loading rate also shows a 
significant negative intercept for which the linear regression 
was very good but for which evidence for cracks through the
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FIGURE 9.3. Effect of loading rate on Young's modulus calculated from 
E = Kjc e -Gj c e * SEN bars were cut from injection-moulded (IM ) PES 300P 
discs in INTO mode, bar-length orientation 0°, breadth 12*6 mm, frac tu re -  
-mechanics width 3*4 mm. Ranges show 9 5 %  confidence limits fo r  
population mean, x i  s^^. Notch-depth, a, was measured by mechanical 
probing (MP). Supporting span, s, fo r TPB tests was 70 mm, s /  w = 21, 
temperature 23°C, relative humidity 5 0 % .  Further details about each 
point are displayed in the column above the point.
[ m / N ]  —  m out of N SEN bars broken in three-poin t-bend ( TP B ) 
tests  show break through n o tch -tip  by examination of frac tu re  
surfaces.
( n / N )  —  n out of N SEN bars prepared and fractured, in th a t  
set, were analysed by linear regression.
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Kates Errects ror t p b Test on infection-moulded p k s 
notch-tip was not found.
9.3. Variation of Derived Modulus with Loading Rate
Figure 9*3 shows that the derived modulus is almost
constant and about half the value that would be expected for 
Young's modulus from the literature (see Chapter 10).
Furthermore, the trend of the sample means is slightly
decreasing with loading rate whereas the Young's modulus would
be expected to increase with loading rate. The arrow within the 
range of the Young's modulus indicates that the modulus value 
should increase but is not intended to define the exact nature 
of the trend. Once again the derived modulus values are far 
smaller than expected as are the proportion of through notch-tip 
breaks [m/N] indicating a consistent flaw in the experimental 
conditions of the TPB tests.
9.4-. Break Compliance Curves for the Various Loading Rates
The variation of break compliance curves for 3* 4 mm wide 
SEN bars over the range of loading rates is shown in the two 
Figures 9*^ and 9*5*
Compliance curves for loading rates of 8.33 JJm s-1,
83.3 JJm s-1, and 1.67 mm s-1 are shown in Figure 9*4. The 
characteristic J-shape of the compliance curve is present for 
all three rates but the exact shape of the curve is hidden in a 
broad band of scatter. Part of the scatter will be present 
because the machining of each bar was not perfectly even and 
measurement reflects this. However, the main contribution will 
be due to bending and slipping of the SEN bar into the span.
Figure 9*5 shows the compliance curve for the TPB tests 
made at 1.0 m s-1. Generally, the curve shows higher values
-9*6- 9ripes-sth3
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8-33jjm s\ Notch-depth, a, was measured mechanically using the 
notch probing technique. ( s =7 0m m ,  temperature = 23°C, r.h.= 5 0 % )
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FIGURE 9.5. Variation of SEN bar compliance in TPB tests with 
notch-depth to width, a /w,  based on cen tre -o f-b ar deflection, 8 , 
at break force, f, fo r bars cut from PES 300P injection-moulded 
discs. Notch-dspth, a, was measured mechanically using the notch 
probing technique. Breadth, b = 12-6 mm; width, w = 3-4 mm; bar-length  
-orientation, 0 = 0°; span, s = 70 mm; and s/w  =21. Loading ra te  
was 10 m s“ 1 at 23 °C and 50 %  relative humidity.
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Rates Effects for TPB Test on Injection-Moulded PES
of compliance with the characteristic shape. The most 
unexpected feature of this plot is the fact that there appears 
to be two distinct compliance curves. This could be another 
manifestation of bar slippage. In any case such dubious effects 
must make fracture mechanics results at fast loading rates 
suspect either 7/30 ths or 23/30 ths of the time.
9*3. Conclusions
These results show that neither KjCE nor g i c e vai>y 
across the 5-decade range of loading rate. However, the derived 
modulus is uncharacteristically constant and far smaller than 
the expected Young*s modulus. The reasons are not clear but 
with consideration of the small through notch-tip break 
proportions and the scatter in the break compliance curves the 
conditions of the tests are suspected and, therefore, the 
constant values of strain-energy release rate and 
stress-intensity factor.
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10. FRACTURE MECHANICS AND YOUNG *S MODULUS VALUES COMPARED
Researchers have reported fracture mechanics, Young’s 
modulus and Poisson’s ratio values for PES. These values have 
been summarized in Tables 10.1 and 10.2. Their experiments have 
been made on polyethersulphone similar to PES 300P.
10.1. Fracture Mechanics Values for PES from Literature 
Different fracture-mechanics tests have been used: none
were identical with the TPB, tensile or compact-round tests made 
for this thesis. Hine used SEN bars in 4-point bend tests, 
double-edge-notched (DEN) bars in tension and a rectangular 
sheet for double torsion tests. Ting and Hinkley & Campbell 
made compact tension tests. Generally, testing conditions 
caused fast ’’unstable” fractures.
Ting and Hinkley & Campbell quoted critical strain-energy 
release-rates which had been derived from Young’s modulus and 
SIF values. The original SIF values were not quoted. Only from 
the information Ting gave about the Young’s modulus value he had 
used, was it possible to back-calculate to approximate values 
for SIF and these are shown in Table 10.1.
10.1.1. Comparison of critical stress-intensity factors 
Hine’s experiments give direct values of SIF and strain
energy release rate. Hine also found that when DEN specimens 
were notched with a razor blade the resulting SIF value 
crucially depended on how sharp the blade was, because the blade 
determined how sharp the notch was. The sharpest blades lead to 
small values of SIF of about 1.8 MN m“3/2 ancj -the least sharp 
blades to values of about 3.0 MN m-^ 2. Otherwise, Hine 
reports SIF values of 1.4 MN m— 3/2 double torsion to
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TABLE 10.1. Fracture Mechanics Values for PES from Literature
Critical stress 
intensity factor
^IC
MN m-3/2
Critical strain 
energy release rate
GIC _ 
kJ m-z
Notes and references
2. 32 1.81 (b = 3 mm) For SEN bars cut from
1.64 (b = 5 mm) freshly injection
(& w = 10 m m ). moulded plaques, razor 
notched, 4-point bend 
impact tested at
2.54 m s-1.
2.27 (b = 3 mm & For SEN bars cut from
w = 10 m m ). 5-year old injection 
moulded plaques, razor 
notched, 4-point bend 
impact tested at 
2.54 m s-1.
(c. 20 °C ?)
i. 4 All from:
double torsion Hine (1 9 8 1) and Hine,
tests. Duckett & Ward (1984).
1. 843 Double-edge-notched
very sharp razor. tension specimens
2. 293 cut from freshly
new blade notched. injection moulded
2.995 plaques and notched
old blade notched. with blades of
different sharpness. 
SIF value increases 
with bluntness of 
blade, (c. 20 °C) 
Pulled at 0.1 mm min-1 
(1.67 pm s-1).
Hine (1 9 8 1).
Back-calculated 2.6 (pulling rate Values depend upon
using E = 3.4 GPa: of 1.25 mm min-1) 1-inch compact tension
2.97 (pulling at 1.25 (fast rate) tests made for SIF.
1.25 mm min"1, derived from Specimens annealed
20. 8 jjm s-1) Kjc values. to remove "thermal
2.06 (fast rate). skins". Ting (1 9 8 1 ).
2.6 ± 0.8 Values depend upon
(pulling rate of 1.5-inch compact tension
0.5 mm min-1, tests made for SIF.
8.3 JJm s-1) Specimens cut from
derived from 0.25-inch thick
KjC values. injection-moulded 
discs dried at 200 "C 
for 2 weeks in a 
vacuum oven. Hinkley 
& Campbell (1 9 8 3 ).
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Fracture Mechanics and Young’s Modulus Values Compared
2.3 MN m-3//2 from 4-point-bend impact tests. Back-calculated 
SIF values from Ting are from 2.1 to 3.0 MN m-3//2 suggesting 
that Ting’s notches could have been too blunt!
Generally, TPB SIF values were high: typically,
2.5 MN m“3//2 for compression-moulded and injection-moulded 
PES 300P. Again this creates a suspicion about the sharpness of 
these notches. However, the tensile SIF is about 1.5 MN m~3//2 
and is close to the double torsion value although the notching 
process was identical to TPB bars but the test conditions are 
suspected here because of the large positive intercept.
10.1.2. Comparison of critical strain-energy release rates 
Direct measurements of critical strain-energy
release-rates in Hine’s 4-point-bend impact tests gave values 
between 1.6 and 2.3 kJ m “2 which are spanned by the range of 
derived values, 1.3 to 2.6 kJ m-2, reported by Ting and 
Hinkley & Campbell.
Values from TPB tests on compression-moulded PES 300P 
were about 2.5 kJ m~2 and those from injection-moulded 
PES 300P about 3.0 kJ m-2 which are both higher than Hine’s 
4-point-bend test values of 1.6 to 2.3 kJ m-2. These high 
values could be caused by both the mechanical probing
measurement of the notch-depth and the nature of the blunted
notch-tip, provided that the original assumptions of the 
analysis are sound and being complied with.
10.2. Young’s Modulus and Poisson’s Ratio Values for PES
In common with other thermoplastic polymers, PES 300P is
i
viscoelastic. This means that when a stress has been applied
the strain will creep gradually up to its saturation value.
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TABLE 10.2. PES Values of Young’s Modulus and Poisson’s Ratio
Young's modulus Poisson's ratio Notes and references
E V
GPa
3. 00
100 s tensile creep 
modulus at 20 °C,
0.002 strain.
0.39 to 0.41 for 
compression moulded 
and injection 
moulded PES and 
polysulfones.
(100 s Poisson's 
ratio at 20 °C).
Gotham & Turner (1974).
2.73
dwell time: 100 s. 
2. 56
dwell time: 10 ks. 
2. 40
dwell time: 1 Ms.
2. 06
dwell time: 100 Ms.
0.40 (as quoted) Young's modulus values 
deduced from isochronous 
stress-strain curves at 
20 “C. Duration of 
applied stress given.
ICI (1978).
2. 53
for freshly moulded 
plaques.
2. 86
for mouldings of 
5 years old.
From 4-point bend 
experiments (at room 
temperature c. 20 "C ?) 
Hine (1981) and Hine, 
Duckett & Ward (1984).
3. 4 Tensile experiment at 
crosshead speed of 
1.25 mm min-1 
(20.8 jjm s-1) and at 
"room temperature" (c. 
20 °C ?), Ting (1981).
3.24 ± 0.28 0.404 ± 0.025 Ultrasonic experiments 
with period of waveform 
400 ns at c. 20 °C.
(See Subsection 2.3.1.)
Note: Plane-stress to plane-strain conversion factor for PES
given by l/(l-v2 ) = 1.195* So the plane-strain modulus is
expected to be 19*5 % greater than Young's modulus for PES. The
range of Young's modulus, E, from the literature is from
2.5 to 3.4 GPa. The corresponding plane-strain modulus, 
E/(l-v2), therefore ranges from 3*0 to 4.1 GPa.
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However, this effect is small for PES 300P in its glassy state 
at room temperature for stresses applied for short periods as 
can be seen in Table 10.2.
Young's modulus is an elastic property, so to produce an 
equivalent value for PES a practical adjustment must be made for 
the viscoelastic creep. This is achieved by applying the stress 
for a specified period and then measuring the resulting strain 
at the end of that period. This technique has been applied by 
Gotham & Turner to arrive at their 100 s tensile creep modulus 
and Poisson's ratio. It has also been used in plotting the 
isochronous stress-strain curves whose gradients, through the 
origin, have been used to estimate Young's modulus. See 
Table 10.2.
Direct measures of Young's modulus have also been made in 
4-point-bend and tensile experiments, and are tabulated.
10.2.1. Comparison of derived and directly measured modulus
The duration of loading in TPB tests is typically between 
10 ms and 6 s. The closest dwell time for isochronous
stress-strain curves is 100 s and its corresponding modulus is 
2.7 GPa. However, Hine's 4-point bend tests were conducted "... 
with a range of strain rates that were likely to be encountered 
in using an Instron tensile testing machine.". Hence, this was 
within the slower crosshead displacement rates for the TPB tests 
and the Young's modulus was reported to be fairly constant over 
this range at about 2.5 GPa.
It should be noted that the modulus value tends to 
increase with increasing rate, a fact commented on by Hine and 
seen in the increase in value with shorter dwell time for the 
isochronous values in Table 10.2. Further confirmation can also
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be seen in Ting's tensile modulus value and the results of the 
ultrasonic experiments which have values of 3*4 and 3*2 GPa 
respectively.
Therefore, from the literature, the range of Young's
modulus for PES is from 2.5 to 3*4 GPa for the displacement
rates which are closest to the conditions of the TPB tests on 
PES 300P at room temperature. Tests made under mode I
conditions should, ideally, produce plane-strain values. The 
corresponding range of plane-strain modulus can be calculated
from Young's modulus using Poisson's ratio as shown in the note 
to Table 10.2. The corresponding range of plane-strain modulus 
is from 3*0 to 4.1 GPa.
When Young's modulus values are derived from the fracture 
mechanics values, k i c e and GICE* these derived moduli are
usually smaller than the Young's modulus range from the
literature and certainly far smaller than the range of
plain-strain modulus.
10.3. Conclusions
By comparison with the literature values, TPB SIF values 
of this study are high but the cause is suspected to be the lack 
of notch-tip sharpness. Similarly, TPB critical strain-energy 
release-rates were also found to have high values.
Values of the derived modulus from these TPB 
fracture-mechanics values were lower than the directly measured 
Young's modulus and plane-strain modulus. This must be due to 
the gice values being too large and thus dominating the 
expression: E = ( K j C E ) 2 . ( G j C E ) - 1 .
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11. SYSTEMATIC ERRORS: CAUSES AND EFFECTS
"If your experiment needs statistics, you ought to have done a 
better experiment."
-- Lordf Ernes Rutherford (1871--1937 ) •
Of all the measurements made to calculate 
fracture-mechanics values, the measurement of the crack’s 
position and extent were the most difficult, especially when the 
crack was unseen. Measurement of the SEN bar dimensions, the 
TPB span, the break force and break energy were all made 
routinely, accurately and with precision within a few percent.
Knowledge of the crack’s position and extent in the 
fracture-mechanics tests in this study was usually based on the 
assumptions that the single crack extends exactly across the 
breadth of the bar and moves forward on a plane front from the 
tip of the machined-in notch. The validity of these assumptions 
can only be checked properly by monitoring the crack’s growth, 
but for the SEN bars in these TPB tests the break was so small 
and sudden that the only evidence of the crack’s behaviour was 
in the way the break had been recorded on the fracture surfaces. 
Such surfaces require careful interpretation.
From the PES TPB results, it was obvious that systematic 
undermeasurement of the crack-length, taken to be the depth of 
notch, reduced the stress-intensity value, k i c e * Moreover, 
the reduction in SIF value was more pronounced for bars whose 
fracture-mechanics width was 5 mm or less, and the intercept in 
the break-force to FMQ plots for these bars was also 
significant. Overall in PES TPB tests, the occurrence of 
significant intercepts was greater than predicted for a random 
event; hence, a systematic effect must be responsible for these
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FIGURE 11.1. Undermeasurement of notch-depth by mechanical probing 
(MP) for the range of fracfure-m echanics widths used in SEN bars for 
TPB tests. SEN bars were cut from PES300P which had been injection 
moulded into discs ( IM)  or compression moulded into slab (CM). The 
systematic error, A a , caused by undermeasurement was calculated  
by subtracting the mechanically-probed notch-depth value from th a t  
measured directly from the fracture surfaces of the bars with a travelling
4
microscope. TPB loading rate was 1 -67 mm s . IM  bar-length 0 = 0 ° .
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intercepts.
Even when the notch-depth had been accurately measured 
with a travelling microscope from the fracture surfaces and the 
values recalculated, for the thinner bars significant intercept 
values remained and the SIF sample-mean value was low although 
not significantly different from the thicker bars for the 
compression-moulded PES. Again this indicated the effect of a 
systematic error: an additional effect not accounted for by
improving the accuracy of the notch-depth measurement.
This further systematic error would be consistent with 
the notch-tip toughening deduced from the small proportions of 
bars showing breaks through the notch-tip [m/N] in Chapters 7, 8
& 9, where all of the bars would indeed be expected to break 
through the notch-tip.
11.1. Size of Notch-Depth Undermeasurement and Its Effect
A representative sample of SEN bars was re-examined using 
a travelling microscope and the notch-depth measured from their 
fracture surfaces. These data were used not only to obtain 
corrected (and therefore increased) k i c e values in
Chapters 7 & 8, but also to determine, by comparison with
notch-probed measurements, the extent of the undermeasurement of
the notch-depth, Aa. These undermeasurements are presented in 
Figure 11.1. Generally, the extent of the undermeasurement lies 
between 100 and 300 pm for both compression-moulded and 
injection-moulded SEN bars.
There is, however, one unusual result, for the 25 mm wide 
bars, which has enormous scatter thought to be due to entrapment 
of swarf below the notch probe for two of the measurements in 
that set. When the data of these two bars are removed from the
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FIGURE 11.2. Plots of y=  and y =  a”^   ^ for the range of notch-depths 
in SEN bars broken by three-point-bend (TPB) and tensile tests.
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systematic errors: causes ana arrects
set, the range of the undermeasurement is in agreement with the
rest of these results as shown.
In Chapters 7 & 8 where undermeasurement has been 
eliminated by using travelling microscope measurements the 
sample mean values of k j c e have been increased particularly 
for the thinner bars as can be seen for compression-moulded PES 
bars where the SIF has increased from 1.68 to 2.18 MN m -^ 2
when w = 2.48 mm and only slightly from 2.52 to 2.58 MN m-^/2
when w = 24.93 mm (Table 7.1).
To assess the effect of this systematic error on the 
fracture-mechanics quantity (FMQ), the two functions involving 
notch-depth, a, incorporated into the FMQ have been plotted in 
Figures 11.2, 11.4 and 11.5.
11.1.1. Effect of notch undermeasurement on a“1//2 factor
In the conventional formula for critical stress intensity 
factor, the SIF is shown to be proportional to a1//2j but, in 
the linear regression treatment this becomes a factor of 
a--1/ 2. Figure 11.2 plots these two relationships. Note how 
rapidly y = a-1/ 2 increases below notch-depths of 1 mm. The 
thinner the SEN bar is, then more of the notch-depths will be in 
the rapidly rising portion of this curve. This is one reason 
why the notch-depth measurement should be very accurate, at 
least, below 1 mm.
Undermeasurement of notch-depth (by 100 to 300 jjm) means 
that the value of notch-depth moves towards the origin of 
Figure 11.2 causing a correspondingly higher value of a“1//2 to 
be used. Much higher values of a_1//2 are used when the shift 
towards the origin is for notch-depths of about 0.5 mm or less. 
The effect on the break-force to FMQ plot is to increase the FMQ
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FIGURE 11.3. Expected shift, A a / w ,  in notch-depth to width ratio, 
a / w ,  due to inherent undermeasurement by mechanical probing 
technique. Fracture-mechanics widths were from the range of SEN 
bars (tes ted  in TPB) cut from PES300P either injection moulded 
into discs ( I M )  or compression moulded into slab (CM). TPB loading 
rate was 1 *67 mm s” .^ IM  bar-length orientation 0 = 0 ° .
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axis data accordingly. Thus the apparent gradient, and hence 
SIF, would become lower without much change in the intercept
value. Moreover, the most pronounced reduction in SIF value 
would occur for the thinner widths of SEN bar. Indeed, this is 
exactly the trend observed for the actual results of TPB tests 
on compression and infection moulded PES 300P using mechanically 
probed measurements of the notch-depth in Chapters 7 & 8.
11.1.2. Effect of notch undermeasurement on Y-1 factor
In order to assess the effect of undermeasurement 
brought about by the finite-width correction factor, the
systematic shift, Aa, must be expressed as a percentage of the 
fracture-mechanics width. Only the sample mean values of Aa 
have been used. How the percentage shift varied with
fracture-mechanics width of SEN bars in TPB tests is shown in 
Figure 11.3.
The variation of finite-width correction factor, Y, with 
relative crack-depth, a/w, is plotted in Figure 11. it. However, 
it is the effect of this factor on the linear regression that is
ultimately important and, hence, it is the role of Y-1 in the
FMQ axis that will determine the gradient. The variation of
Y-1 is shown in Figure 11.5.
Generally, the percentage shift due to undermeasurement 
will reduce the true relative crack-depth. Since this causes a
move towards the origin, the corresponding Y-1 value will be
increased for a/w greater than about 15 % and reduced for
smaller a/w values. The effect on the FMQ axis will be to
expand the FMQ axis where a/w is greater than 15 % and slightly 
contract it for a/w less than 15 %• Overall there would be an
expansion of the FMQ axis values leading to a reduction of the
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gradient and SIF value.
This effect is not easy to identify for the thinner bars 
because it acts to reduce the gradient and, therefore, SIF in 
the same sense as the a f a c t o r .  However, for the thickest 
bars the effect may be noticeable although not altogether 
unequivocal. The 13.4- tnm wide SEN bars of injection-moulded 
PES 300P tested in TPB are such an example. The SIF is 
significantly smaller than those of the 6 mm wide bars, and the
13.4- mm bars also show a significant intercept. Moreover, the 
range of a/w for the 13.4 mm bars is restricted to values of 
about 15 % and above (see Figure 8.10) which, through 
undermeasurement, would act only to extend the FMQ axis and, 
thereby, reduce the gradient or SIF value, as seen.
The 25 mm wide bars of compression-moulded PES also show 
a slightly smaller SIF than the 10 mm bars but it is not a 
significant difference. Furthermore, the intercept for the
25 mm bars is not significantly different from the origin. 
Hence, it is difficult be sure about the extent of the influence 
of the Y-1 factor.
11.2. Crazing Due to TPB Loading of Polycarbonate SEN Bars
After the fracture-mechanics tests had been completed at 
ICI, only a number of Lexan and Makrolon polycarbonate SEN bars 
remained unbroken. These were used to discover how SEN bars 
break, in TPB. The SEN bars were loaded in three-point-bend 
mode, slowly and avoiding complete fracture. By this method it 
was possible to grow the crazes, precursors to the crack, from 
the notch-tip zone. A few SEN bars of each PC grade were 
examined in this way.
The extent of this crazing could be seen under the
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(b) Viewl of the bundle of crazes seen above the notch and 
viewed through the back surface of the bar.
FIGURE 11.6. Sketched side-view and through-back-surface view 
of craze bundle at notch-tip of Makrolon-PC SEN bar a fte r  bar 
had been subjected to incomplete TPB test loading.
Notch-tip 
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Sketched side-view of notch (see View3 in FIGURE 11.7(b) )
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FIGURE 11.7. End and side views of ' vorked" zone and craze bundles 
at notch-tip of Makrolon-PC SEN b r M11.
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microscope. (In some cases crossed Polaroid sheets were used to 
enhance the contrast.) SEN bars showing crazing were prepared 
for viewing by grinding and polishing their edges and by 
shortening one half of each bar’s length and polishing that cut 
end so that the crazing could be viewed across the bar’s width. 
Figures 11.6 and 11.7 show the bundle of crazes in relation to 
the machined-in notch.
An explanatory diagram of the notch and the directions of 
the views shown in the photographs is given in Figure 11.6(a). 
The view through the back surface of the SEN bar in the 
photograph of Figure 11.6(b) shows that the crazes have grown 
away from the line of the notch-tip zone. There are about four 
or five crazes in this part of the bundle which are set at a 
slight angle to each other and the width of the bundle here is 
about 200 jjm. Each craze extends across only a fraction of the 
full breadth of the bar and some appear as small as 200 jjm.
View 2 of Figure 11.7(a) shows how the crazing appears 
through the end of the bar. The parallel machining lines of the 
notch can easily be seen as can the crazes with their white 
light inteference fringes which can extend to 200 jjm in places. 
Between these two obvious features there is a featureless black 
band, about 100 jjm wide: on one side the tip of the notch and on 
the other the line of the crazes. The crazes do not Join the 
notch-tip. This black band extends across the full breadth of 
the bar.
View 3 (Figure 11.7(b)) shows the notch-tip and bar from 
one side. Parallel lines seen on the surface were produced 
during the grinding and polishing of the edges. The V-shape is 
clearly seen. The notch-tip radius is about 100 jjm in contrast 
to the tip of the notching tool which was assumed to have a
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notch-tip radius less than 10 jjm! Beyond the notch-tip there is 
a 100 jjm zone through which the craze does not grow but from 
which the crazing appears to grow to about 200 pm. The zone 
appears to be about 200 pm broad.
The zone at the notch-tip was only found in the PC bars 
which had been notched; crazing was seen after the bars had been 
subjected to TPB loading which produces tensile stresses around 
the notch-tip. Because the crazing was formed from the zone and 
not directly from the notch-tip, the zone would appear to be 
under compression. This state would be consistent with the 
notching process, which was dry and uncooled, where the notching 
cut both shears and compresses the material under the tool. 
This notching process also caused the line of the cut to get hot 
because of the friction in dry cutting. When notched bars were 
viewed between crossed Polaroid sheets, birefringent effects 
were seen along the edges of the V-cut and at the tip of the 
notch which confirms the changes brought about in the 
polycarbonate by the notching process.
The exact nature of the zone at the notch-tip is not 
fully understood but it can only be due to the working and 
heating of the polycarbonate during notching.
From these observations, how the PC SEN-bar breaks was 
found not to be as simple as the fracture-mechanics analysis 
supposes. First, in TPB loading the crazes form beyond the 
worked zone at the notch-tip as a bundle not as a single craze. 
The analysis assumes a single plane crack across the breadth of 
the bar. These crazes would grow into a bundle of cracks giving 
rise to formation of splinters along the line of the worked zone 
on the fracture surfaces and, indeed, these splinters are seen 
on the PC fracture surfaces.
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Secondly, since the whole ligament of the SEN bar was 
broken, the region of the worked zone must also eventually be 
broken. Hence, there must be two parallel crack fronts: one at
the notch and one at the outer limit of the worked zone. 
Ignoring any differences due to working of the polycarbonate, 
this would, in effect, mean that at least twice the breadth of 
polycarbonate was being broken at the same time and therefore 
the resulting fracture-mechanics values would be overestimated 
by a factor of about two.
11.3. Fracture Surfaces of SEN Bars from TPB and Tensile Tests
It is evident from the fracture surfaces of PES SEN bars 
that notching produces similar worked zones and crazing as was 
found in PC SEN bars. A selection of fracture surfaces from 
injection-moulded and compression-moulded PES 300P is shown in 
Figures 11.8 , 11.9. and 11.10. It should be noted that none of
these bars show any signs of gross yielding; indeed, there is 
negligible distortion and the two broken pieces of each bar can 
be fitted together like the pieces of a Jigsaw to restore the
original shape of the SEN bar -- a property typical of a brittle 
fracture.
All the SEN bars broken in TPB show a distinctive dark 
band next to the notch-tip as indicated in Figure 11.8(a) by the 
"stable” region. In Figure 11.8(d) the bar has broken from the 
notch above the notch-tip but this distinctive dark band is 
still seen to exist within the extra material over the
notch-tip. Moreover, all these bars show a line of maximum 
disturbance (LMD), also indicated in Figure 11.8(a), at which
splintering is seen to start or be at its greatest. This line
would also correspond to the line of the bundle of crazes seen
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(b) B a r f , ,  w= 3.3 mm, b = 12.9 mm, INTO, 9 = 0°, speed =83.3 pm s " \
(c) Bar d^, w = 2.4 mm, b = 12.4 mm, INTO, 9 = 90°, speed = 1.67mm s 1
W W W
(d) Bar e^, w = 2.4 mm, b = 12.2 mm, INTO, 0 = 45°, speed =1.67 mm s \
FIGURE 11.8. Typical fracture surfaces of TPB-tested SEN bars cut 
from injection-moulded discs of PES 300P. Notches face bottom of 
page. "S tab le " regions are the smoother darker areas between no tch-tip  
and line o f maximum disturbance, LMD. Effect of tes t fracturing 
around notch-tip, rather than through it ,  is shown in (d) fo r  bar
(b) w = 5 mm, b = 17.5 mm
(c) w = 2.5 mm, b = 17 .5  mm
FIGURE 11.9. Selected f ra c tu re  surfaces, typical of TPB-tested 
SEN bars cut from 17.5 mm thick compression-moulded PES 300P. 
Notches face the bottom of the page. Note tha t "s ta b le "  regions 
are the darker smoother areas between no tch -t ip  and the line of 
maximum disturbance, LMD.
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FIGURE 11.10. Matching frac tu re  surfaces of SEN tensile bar 
cut from 6.3 mm thick in jection-moulded PES 300P disc. Notch 
is at the bottom edge w ith  c rack-g row th  upwards ( b = 6.3 mm). 
Surfaces are glassy, rough and convoluted w ith  rad ia l solid 
splinters.
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to form in the PC bars. Furthermore, although the testing 
conditions were different in tensile tests of SEN bars, solid 
splinters of PES are plainly visible on their fracture surfaces 
(see Figure 11.10) and are evidence of multiple cracking having 
taken place in these tests too.
Therefore, the dark bands on these surfaces are 
considered to be the extent of the worked zones in PES, and the 
line of maximum disturbance (LMD) the outer limit of this zone.
11. II. Fracture Zone Length from Notch-Tip to LMD and Its Effect 
The length of the fracture zone between the notch-tip and 
the line of maximum disturbance was measured with a travelling 
microscope for a wide selection of PES SEN bars tested under TPB
and these results are summarized in Figure 11.11.
For compression-moulded PES 300P the extent of this 
"stable” zone ranged from 100 to 220 jjm for all their 
fracture-mechanics widths. However, for the injection-moulded 
PES 300P the extent of this "stable" zone appears to vary from 
80 to 350 jjm with a very narrow range of fracture-mechanics 
widths (well within the range for compression-moulded PES) 
suggesting that the variation actually depends upon the depth of 
the injection-moulded disc for the INTO mode. This, in turn, 
would imply an interaction with the oriented layers within each 
depth of disc moulding used. Bar-length orientation and speed 
of test do not appear to affect these results. It is noteworthy 
that the sample standard deviation for the AX mode in both 
compression and injection moulded PES are about the same size 
and those for the INTO mode are smaller.
Rough notch-tip regions present in a number of sets
seemed to confirm notions about two distinct parallel
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FIGURE 11.11. Extent of "stable" zone observed on fracture surfaces of TPB tests in 
compression moulded (CM) and injection moulded (IM) PESBOOP a t2 3 °C .
-11.20- llseca3
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FIGURE 11.12. Variation of critical stress-intensity factor, KICE' bV 
linear regression analysis, with fracture-mechanics width, w. Ranges 
show 9 5 %  confidence limits for population mean, x ls ^ g .  Notch- 
-depth, a, was measured to the line of maximum disturbance (LMD) 
on the fracture surfaces. SEN bars were cut from compression- 
-moulded PES 300P slab in AX mode with 17-5 mm breadth. Loading 
rate was 1 *67 mm s“ , span70 mm, temperature 23°C, humidity 50 %  r.h.
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FIGURE 11.13. Variation of critical stress-in tensity  factor, by
linear regression analysis, with frac ture  mechanics width, w, fo r SEN 
bars cut from injection-moulded discs of PES300P and with analysis 
made using line of maximum disturbance (LMD) as notch-depth, a. Bars
were notched in the INTO mode. Bar-length orientation, 0, was 0°.
Loading ratednstron crosshead speed) was 1*67 mm s , temperature  
23°C, re la tive  humidity 5 0 % . Supporting span, s, was 70 mm.
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ci?ack-fronts occuring during fracture.
In order to assess the effect of the crack front starting 
from LMD, the linear regression analysis was recalculated with 
crack-length, a, measured to the LMD, and the results for 
compression-moulded PES are shown in Figure 11.12 and those for 
injection-moulded PES in Figure 11.13. However, allowing for, 
at least, parallel crack fronts these results should, perhaps, 
be halved to produce more realistic values. So, kice should 
be about 1 .H or 1.7 MN m”3/2 respectively.
11.5. Conclusions
Serious undermeasurement of crack-length, a, occurs by 
the probed notch-depth measurement which, not only significantly 
reduces the SIF value deduced from the gradient of this 
regression line, but also increases the size of the intercept in 
the break-force to FMQ plot. The effect of this
undermeasurement was greatest for the smallest
fracture-mechanics widths and progressively less the larger the 
width became. Under these conditions the corresponding SIF 
values were seen to increase with the size of the 
fracture-mechanics width. This is not surprising because the 
smaller the width of the bar the greater the undermeasurement 
error would be in these notch-depths. Furthermore, for the 
smallest width of bar more of the notch-depths sampled would be 
distorted by this undermeasurement. This situation would
improve as the fracture-mechanics width was increased and the
relative effect of the undermeasurement was reduced. It should
be remembered that the amount of undermeasurement in the 
notch-depths of the SEN bars with the smaller fracture-mechanics 
widths disproportionately increased the corresponding FMQ
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values, thereby reducing the gradient value from which the SIF 
was deduced.
A machined-in notch was not a fair substitute for a sharp 
crack because even the 10 jam tip-radius of the notching tool did
not cut a notch with a 10 jam notch-tip radius: in fact, the
notch-tip radius was about 100 jam for PC. Futhermore, the 
notching process works the tip of the notch into a zone of mixed 
compressed and sheared material through which a crack cannot 
travel until the compressive stress has been released. Indeed, 
under TPB loading, crazes were formed, initially, at the 
opposite side of this zone from the notch-tip.
The bundle of crazes so formed produced cracks which 
interacted to produce a line of splinters readily visible on
fracture surfaces next to the less disturbed region of the
original '’worked*' compression zone. A similar line of splinters 
was also found on the fracture surfaces of PES SEN bars 
indicating that a similar process was occurring in PES.
Such a bundle of cracks raises the question of how long 
the crack front really is, in comparison with the assumed 
breadth of the SEN bar. Moreover, there must be, at some stage, 
two parallel crack fronts. One possible interpretation is that 
there is one crack-front at the notch-tip breaking the notch-tip 
zone when its compressive state is overcome and put into tension 
as the TPB-test progresses, and the other crack-front extends 
immediately from the opposite side of the notch-tip zone at the 
bundle of crazes so breaking the remaining ligament. Crudely 
this must mean that SIF values from these experiments should, at 
least, be halved to values of l.H and 1.7 MN m~3//2 for 
PES 300P.
Linear regression of the break-force to FMQ plots
cystenia vxy jn'i-'Wi e? s vauooo »u-l.* a_.
combined with statistics to determine the significance of the 
intercept is useful in deciding that systematic errors are 
likely to have caused the intercept. This method is unambiguous 
for the SEN tensile tests of Section 8.9* Here all the 
intercepts are large, positive and significant; moreover, 
systematic effects in the notching process, notch measurement 
and pulling arrangement have been identified.
However, regression and statistics used in the same way
for SEN bars in TPB tests pose a more exacting problem. Here,
the significance of the intercept only became plain when 21 
similar sets were examined together and intercepts significantly 
different from the origin were found to occur far more often 
than by chance, implying a systematic error. Even when the 
notch-depth measurement was improved for a few sets, the results 
were insufficient to make a conclusive statement about the 
nature of the intercept. Here, inferential statistics have not 
proved to be a powerful tool in indicating the presence of 
systematic errors and effects.
Indicators like the proportion of through notch-tip 
breaks and the failure of the derived modulus to reach Young’s 
modulus values show that there are unexplained influences acting 
on the tests. Only microscopic physical observations have
produced details about the failures in the test method.
SEN bars in TPB and tensile tests produce unreliable 
results, not only due to faulty notch-depth measurement, but 
also due to the material changes brought about at the notch-tip 
by machining-in a notch. A better experiment would produce an 
easily observed, measured and followable crack which starts with 
a single well-defined craze at its tip. A whole disc test based 
on Newman’s round compact test holds this promise.
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12. WHOLE DISC TEST APPROACH USING ROUND COMPACT SPECIMENS
The whole disc test, based on Newman’s round compact 
specimen (Newman 1981), developed through several stages before 
the most effective method of testing and analysing data for 
injection-moulded discs had been evolved.
The earliest tests were made on injection-moulded, 113 mm 
diameter, PES 300P discs with depths 2.0, 2.4, 3.4 and 6.3 mm, 
but because discs with depths less than 6.3 mm tended to buckle 
under tension, the 6.3 mm deep discs were used as standard for 
these tests.
Obtaining a sharp starter crack also proved difficult. 
Two main methods were tried: starting the crack from the
machined-in notch-tip by using a razor or Stanley knife blade as 
a cleaving wedge; or by growing a starter crack from a 
machined-in chevron notch. Both these methods initially 
produced sudden fracturing of the discs under test -- an 
indication that the starter cracks were not sharp with a single 
well-formed craze at their tip.
However, in some tests it was possible, after an initial 
sudden fracture, to produce slow controlled fracturing in which 
the progress of the crack-tip could be observed easily. For 
such slow crack-growth both load and crack-tip location were 
measured simply and noted on the chart recording. Only 11 of 
the 33 discs using the chevron-notch starter-crack method also 
produced slow controlled cracking; whereas, 7 of the 29 discs 
using blade-created starter-cracks also produced slow controlled 
cracking. In fact, these were 7 of the 15 discs whose cracks 
had been started using a Stanley blade.
A consequence of these sudden fractures was that the 
majority of these disc tests broke all the remaining ligament at
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once; so it was only possible to obtain break-force, 
break-energy and initial crack-tip location, in effect, making 
each disc test a "one-shot" test similar to the TPB and tensile
tests on SEN bars. Data collected from these sudden fractures
had the common disadvantage that the quality of the starter 
crack was unknown and likely to vary from disc test to disc 
test.
By contrast, the slow controlled fracture was monitored 
as the crack grew, and because it was seen to be a single
well-formed crack, the conditions at the crack-tip could be
assumed to be similar as it progressed through the observed 
length of the crack. The aim was to recover as much data as 
possible from one disc test where the conditions of fracture 
were identical and across as much of the fracture mechanics
width as possible to optimize the break-force to FMQ plot for
that disc.
For disc tests the gradient of the break-force to FMQ 
plot had the value of the SIF. The FMQ was calculated using the 
Newman analysis and the linear regression of this data was made 
in a similar way to that already described in Chapter 5 For TPB
and tensile test data. The strain-energy release rate was
calculated directly from the work done in breaking the 
associated cross-sectional of the disc’s ligament and following 
the Gurney sector method where slow controlled fracturing 
occurred. These two independently calculated fracture-mechanics 
values were used to derive the corresponding Young’s modulus 
values and these compared favourably with the directly measured 
Young’s modulus values. Additionally, where the compliance 
curves were plotted a smooth J-shaped characteristic curve was 
shown.
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Pulling force
0-125 w = 10*6 mm
D /2  = 57 mm
d = 0-275 w 
= 23-2 mm
0-065 w = 5-5 mm 
(BS 5447:1977)
L = 0-325 w 
= 27-4 mm
w = 84-4  mm
= 114 mm
FIGURE 12*1 Position and size of notch and holes fo r pulling pins, 
required by Newman (1981), ASTM E399-81 & BS 5447:1977  based on 
maximum diameter of injection-moulded discs.
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12.1. Form of Disc for Testing as Round Compact Specimens 
Newman’s proposals for tests on round compact specimens
were made so that the configuration of holes and notches were in 
harmony with those of the rectangular compact specimen. The 
original form of the disc for round compact testing followed 
this pattern as shown in Figure 12.1. However, the actual size 
of the notch and holes was reduced to use the nearest available 
standard cutters and drills. Throughout, the holes drilled for 
the pulling pins were made with a 0.75 inch drill (19*05 mm 
diameter).
12.2. Stress Intensity Factor from Newman’s Analysis
From his analysis, Newman (1981) quotes the wide-range 
stress-intensity factor equation as:
KIC = P.H.G.w~1/2 MN m-3/2
where
P = f/b kN m”1
f is break force N
b is breadth of disc (depth) mm
H is ’’scaling factor”
H » (2 + a/w).(l - a/w)“3/2 
a is crack-length mm
w is fracture-mechanics width mm
G is ’’geometry function”
G = 0.76 +U. 8a/w - 11.58(a/w)2 + ll.U3(a/w)3 - ll. 08(a/w)/t 
and is valid for 20 % < a/w < 100 %,
Throughout, linear regression has been used to remove the 
inherent assumption in the conventional stress-intensity factor 
equation that the break force to FMQ plot passes through the 
origin. The fracture-mechanics quantity (FMQ) is given by
—12.A— 12wdtl-sth8
b.w1//z.H ^.G"*1 and used in such plots to establish the 
nature of the intercept.
12.3* Direct Measurement for Strain-Energy Release Rate
For sudden total fractures, where the force-displacement 
plot forms a triangle similar to that shown for TPB tests on SEN 
bars, a crude measure of the strain-energy release rate was 
found from the ratio of the work done, defined by the triangular 
area under the force-displacement curve, to the cross-sectional 
area of the disc’s ligament broken in the test. This method of 
calculation is inaccurate for fast fractures because energy is 
dissipated in an uncontrolled, impulsive surge. Therefore, it 
was not possible to measure how much energy truly went into 
breaking the simple cross-section of the ligament when energy 
was also being lost, unmeasured, as sound, heat, plastic 
deformation, multiple fracturing and in the kinetic energy of 
the broken halves. Indeed, there is no easy way to measure and 
account for all these energy losses simultaneously. However, 
these difficulties can be avoided by testing under quasi-static 
and reversible conditions where the energy supplied is carefully 
controlled to power only the fracture process -- the situation 
existing, in practice, for slow controlled fractures.
Gurney & Hunt (1 9 6 7) described and analysed quasi-static 
crack propagation in structures with a linear elastic response 
where either the material was brittle or underwent irreversible 
deformation confined to a small volume of the material 
contiguous with the crack surfaces. From the load-displacement 
record they identified the sector of work associated with a 
growth of the crack’s area and thereby calculated the fracture 
toughness, R, without the need to define the exact elastic
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stress-field distribution for the particular shape of testpiece. 
(Later, Gurney & Ngan (1971) restated the principles extending 
them to nonlinear structures.) A brief account of the method is 
also given by Caddell (1980). However, a detailed and
comprehensive view of the subject is given by Atkins & Mai
(1985).
Successful experiments using this sector method have been 
reported for specimens growing a single crack in one direction 
similar to the intention of the whole disc test. In 1971t 
Miller, Puttick & Rider described the cleavage fracture of 
oriented polyvinylchloride sheet in double cantilever beam
specimens from which they deduced the fracture surface energy 
per unit area using the Gurney sector method. In 1975* Atkins, 
Lee & Caddell reported their experiments on PMMA compact tension 
specimens in which they determined the fracture toughness of 
PMMA by the Gurney sector method over a range of temperatures 
and crack-tip velocities. In 1983* Uete & Caddell reported
their determination of fracture toughness on PC compact tension 
specimens at -12 *C also by using the Gurney sector method but 
to a ’’best fit” curve corresponding to the crack propagation. 
In each case, the sector was drawn onto the force-displacement 
curve by assuming that the unloading-reloading sequences could 
be represented by a straight line between the origin and the 
positions on the crack propagation curve. Actual unloading and 
reloading sequences were not shown.
The Gurney sector method used for the whole disc test, 
also assumes that the disc has a linear elastic response to 
loading so that when a length of crack has been grown, the disc 
may be unloaded and reloaded along the same load line through 
the origin on the load-displacement record as shown by the
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a —crack length in mm.
f — break force in kg f .
w — fracture-mechanics 
width, 84-4 mm.
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67-5%15-
1 0 -
104-23 mJ
— {77, 2) 91 2 %
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FIGURE 12.2. Force — displacement plots traced from the chart records of two of the whole disc 
tests made on injection-moulded, 6-1 mm thick, PES 300P discs.
-12.7- 12wdt2
w n o i e  u i s c  x e s i  n f j p r w a c n  u s i n g  n u u n a  L o m p a c T ;  s p e c i m e n s
straight lines drawn through the origin on Figure 12.2(b). 
Moreover, this should continue to be true for all subsequent 
increases in the length of the crack, Aa, and their respective 
load lines.
Under quasi-static conditions the work done in pulling 
the disc was stored as elastic strain energy in the disc until 
there was enough energy to overcome the fracture toughness and 
the crack began to grow. When the crack had grown by 
cross-sectional area, AA = b.Aa, the disc was unloaded, at least 
notionally, and the work, AW, expressed by the area of this 
remaining sector of the load-displacement record was that used 
only in overcoming the fracture toughness of the material? hence 
R = AW/AA. For quasi-static conditions,the strain-energy 
release rate, Gj c » equals the fracture toughness, R, because 
the slow carefully-controlled release of strain-energy only 
matches the growth of more crack area.
An advantage of being able to follow the progress of the
crack-tip and marking the corresponding position on the chart
recording was that the time taken for the crack-tip to grow to 
its new position could be deduced from the chart-recorder speed 
and thereby, the speed of the crack-tip was calculated.
In the Gurney sector method after an unloading and 
reloading cycle for the disc, if the break force and
crack-length are measured Just when the crack starts to grow 
again, then these are the conditions under which these
measurements must be made for valid critical Mode-I 
stress-intensity factors to be calculated. This approach 
Justifies measurements made on steadily growing cracks under 
controlled crack growth conditions. Provided that crack growth 
is quasi-static and the compliance remains linear to the origin
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from the force-displacement record for each new crack-tip 
position, or can be assumed to be so, then for each new 
crack-tip position the crack-length and corresponding break 
force can be used to calculate critical stress-intensity 
factors. In this way the steady controlled crack-growth in 
whole discs was monitored and a progression of data collected 
for each test sequence which were used to calculate both 
stress-intensity factor and strain-energy release rate (by 
Gurney sector method) for each disc.
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13. PREPARATION AND ROUND COMPACT TESTS OF PES 300P DISCS
The aim of each of these tests was to follow the progress 
of the crack as It grew across a specified diameter of the 
injection-moulded disc7 as each disc was pulled apart. However, 
it was only possible to monitor the crack for chevron notched 
discs at room temperature when the cracking was controlled and, 
therefore, observable. The position of the crack could also be 
deduced from hesitation lines on the fracture surface and the 
corresponding pattern of unloading on the load-time chart
recording. This was the method used for Stanley-blade initiated 
cracks because most of the tests were made in an environmental 
chamber below room temperature and so not easily visible.
Hesitation lines occurred on the fracture surface where 
the crack had stopped growing because it had become unloaded. 
This happened during a test when the crack had been fed with 
surplus energy and the crack outran the loading of the disc 
which was driven by the constant displacement rate of the 
crosshead. Eventually the displacement was great enough to 
reload the disc and the crack started to grow again when
sufficient work had been done on the disc to allow growth of new 
crack area. Hesitation lines were arc-shaped and curved towards 
the notch. This convex curvature was found to fit circles of 
radius about 6 to 8 mm. These lines were consistent with the 
observed progress of a crack which also advanced on a similarly 
curved front.
The data gathered were used to calculate the fracture
mechanics values and the speed at which the crack-tip was
moving. The effect of improved crack-initiation technique is 
seen in the reduced fracture mechanics values.
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13.1. Test Preparations and Measurements
For the blade initiated tests, the holes for the pulling 
pins and the notches were carefully positioned by measurements 
made on each disc following the design in Figure 12.1. In order 
to make the preparation of the disc as a testpiece more routine 
and easily repeatable, production methods for drilling and
milling recommended by the Mechanical Engineering Department of 
Surrey University were adopted. For consistent, repeatable
machining of each disc with a chevron notch, it was recommended 
that a combined drilling Jig and milling fixture be used. 
Drawings of this equipment are given in Appendix 2.
All the drilling and cutting of the discs were done dry 
without any lubrication or cooling and so localized working of 
the PES occurred along all the cut edges. Tests were usually
made on unannealed specimens.
13-1-1* Notching and crack-initiation methods
For both the blade initiators, a slot (or notch) needed
to be cut up to the point at which the blade was introduced to
initiate the crack: the chevron notch method cut the chevron and 
the notch in one process.
Razor blade initiated 
In this method a 3/16 inch diameter cutter in a vertical
mill was used to cut the required length of notch into the
diameter of the disc. A razor blade was forced into the 
notch-tip to produce a sharp cut from which the crack was 
expected to grow. Under test such cracks grew suddenly and had 
brittle, disrupted fracture surfaces (see Figure 13«5(a)).
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(a) Chevron-notched PES BOOP injection-moulded disc.
Side view of chevron notch:
Section A A':
A'
! Breadth  
b of 
I disc
(b) Details of chevron notch (not to scale).
FIGURE 13.1. Chevron-notched PES disc with details of notch cut by 
circular slitting saw with each tooth ground to  a V-shaped profile 
including a 45° angle.
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13.1.1.2. Stanley blade initiated
For this method a k mm diameter hole was drilled through 
the disc at a point on disc's diameter about 57 mm from the gate 
edge. A slot was cut from the gate edge along disc's diameter 
to the k mm hole with a band saw. A starter crack was then 
introduced by placing the notch-tip, formed by the remaining 
edge of the k mm hole, downwards onto an upwardly facing Stanley 
knife blade held between two vices by its ends and driving the 
blade into the notch by striking the uppermost edge of the disc 
with a light-weight rubber-headed hammer. As the sharp edge of 
the Stanley blade was driven deeper into the notch-tip a clearly 
visible crack was formed and grown for a very short distance of, 
at most, a few millimeters.
In the tests the resulting crack growth was more 
controlled and the fracture surfaces tended to be glassy and 
smooth as shown in Figure 13.5(b).
13.1.1.3. Chevron notch initiated
The combined ;Jig and fixture was used to produce the disc 
with the chevron notch. First, the sandwich drilling ;Jig was 
used to position accurately and drill the two O .75 inch holes. 
Then, upon converting to the milling fixture, two location pins 
placed through the holes in the disc into the corresponding 
locating holes in the fixture, caused the cuts of the slitting 
saw made by cutting through slightly more than half the 
thickness from one side and similarly half from the other side, 
to be accurately located from each side of the disc. Thus the 
chevron was formed as shown in Figure 13.1. The length of cuts 
could be varied to give a range of starting positions for the 
crack-length, a. The design of the Jig and fixture also
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permitted the chevron notch to be introduced along diameters cut 
from the disc's edge which could be chosen in multiples of 45 
angles around the perimeter of the disc.
The cuts were made by a 6 inch diameter slitting saw of 
3/32 inch width with each of its 46 teeth ground to present a 
sharp V-shaped cutting profile. Each tooth was ground to 
include a 45 * angle such that there was an equal 22.5 " angle 
about the centre line.
A crack was grown up each chevron into the body of the 
disc until there was a visible well-formed crack across the 
breadth which was used as the starter crack for the fracture 
mechanics tests. Cracking of the chevron notch was achieved by 
using the Instron's manual controls for adjusting the position 
of the crosshead. By this means the disc could be loaded and 
the loading adjusted quickly and easily by small incremental 
changes in the crosshead displacement. The crosshead 
displacements were increased until there was sufficient pulling 
force to start the chevron cracking and then small additional 
displacements were made sure the crack grew up the chevron and 
into the breadth of the disc.
Skill was needed to Judge how slowly to load and when to 
unload the disc quickly to prevent a sudden spurt of crack 
growth as the crack became well-formed and used the strain 
energy stored in the disc to propagate itself. When Judged 
well, the crack was only allowed to propagate a short distance 
so as to leave a large ligament in which to make the fracture 
mechanics test. If the crack propagated and measurements were 
made during the phase in which the chevron was being cracked and 
being grown out into the full breadth of the disc to form a 
starter crack it was referred to as being in the
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crack-initiation phase, CIP.
The situation was further complicated by the changes 
brought about in the PES surrounding the chevron by the process 
of cutting the chevron. These changes affected the way the 
chevron cracked. The crack would tend to be distorted out of 
the central plane of the chevron notch and the resulting starter 
crack would extend the features originating in the chevron 
region into ripples and more pronounced river markings within 
the remaining ligament region.
When the crack was shown to be capable of propagating, 
the system was completely unloaded and prepared to be loaded 
slowly at a constant displacement rate as part of the fracture 
mechanics test. These tests were usually more controlled than 
blade-initiated tests and the fracture surfaces had the glassy 
appearance shown in Figure 13.11. Under these conditions the 
Gurney sector method, GSM, was used.
13.1.2. Crack following routine
In order to follow and identify the position of the 
crack-tip along the disc's diameter, a paper scale printed in 
millimeter divisions was attached Just below the full length of 
the specified diameter. As the disc was loaded and the crack 
grew, the position of the crack-tip was read off the scale. The 
corresponding loading conditions for that crack-tip position 
were identified on load-time chart-recording by using the 
plp-marker button. The crack-length was measured to the tip of 
the crack seen in the body of the disc.
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6 30-
6-25-
6-20-
6-15-
6-10
6-05
6-35-I
the centre of the gate
V  /
1---1---1---1---1---1
45° diameter: thickness measured from the gate end of diameter at 45° 
G a te  f measured clockwise from the centre of the nate on the
cavity face.
90° diameter: thickness measured from RHS of gate to LHS of gate 
viewing the cavity face with the gate in the top-of-disc 
position.
,x— *
— i--- 1---- 1----1----1----1--- 1----1----1----1----1----1--- 1----1----1----1----1----1----1----1----1--- 1 i
0 10 20 30 40 50 60 70 80 90 100 110
Distance along diameter / mm
FIGURE 13.2. Thickness variation across diameters of 6-3 mm injection-moulded PES300P disc {0  = 113mm). 
Based on thickness measurements accurate to ± 1 pm.
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13-1.3. Typical thickness variation of injection-moulded disc
Although the faces of the injection-moulded discs were 
parallel, the thickness of the mouldings varied slightly from 
the centre of the disc to its outer edge. In general the outer 
rim of the disc was thicker than the main body of the disc and 
the centre of the disc was slightly thinner.
A survey of a typical 6 mm disc was made along the 0 ", 
45 *, and 90 * diameters and the variation in the thickness 
measured is presented in Figure 13.2. It is plain from these 
plots that the overall variation in thickness from the centre to 
the edge is about 300 jjm, while thickness only varies about 
90 jjm between the centre and the body of the disc which ignores 
the outer 8 mm wide rim.
Routine measurements of disc thickness (breadth, b) used 
to calculate fracture mechanics values from the whole disc test 
were based upon measurements of the body of the disc remaining 
in front of the starter crack. Tests of chevron notched discs 
did not continue crack growth into the thicker rim region. 
Generally, cracks started around the centre of the disc which 
means that by using only the body thickness measurement of the 
breadth will have systematically overvalued the breadth by at 
most 90 jim, about 1.5 %* For a small part of the ligament. Such 
a small error was assumed to have a negligible effect on the 
final fracture mechanics value.
The effect of a curved crack-front was more important 
than the thickness variation. The curvature of the crack-front 
was assumed to be the same as that of the hesitation lines which 
Indicated that the actual length of crack-front was being 
systematically underestimated by using the breadth measurement 
by between 5 and 3 %•
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13.2. Disc Pulling Arrangements
The pulling force for the test was simply applied. Two 
solid stainless steel rods were produced to fit the standard 
Instron couplings and were long enough to allow tests to be done 
in environmental chambers. One end of each rod was attached to 
the couplings by Instron*s standard 0.5 inch chuck pins through 
holes in the rods made for this purpose. Into the other end of 
each rod was cut a slot wide enough to fit the 6 mm disc and 
deep enough to allow the 0.75 inch hole on one side of the disc 
to be loaded with a 0.5 inch chuck pin supported in a 0.5 inch 
hole in the rod on both sides of the disc. Thus the two loosely 
fitting chuck pins were used to pull the discs apart. Drawings 
of the pulling rods and chuck pins are given in Appendix 3.
When the disc testpiece was unloaded it tended to swing 
downwards under its own weight. This downward rotation had to 
be prevented because it did not correct itself under loading and 
if not corrected the crack would not grow along a diameter but 
deviate away from it. Care was taken to ensure that the test 
configuration was as close as possible to that for the Newman 
analysis. It was even necessary to correct the alignment early 
in a test as indicated in Figure 12.2(b).
13.3. How Test Data Were Processed
Test data were used to calculate stress-intensity factor, 
strain-energy release rate and the crack-tip speed. Programs 
were written by the author in PET BASIC to calculate and 
tabulate these results. Full listings of these programs are 
given in Appendix 4.
Stress-intenslty factor was calculated using Newman's 
analysis as given in Section 12.2. Linear regression of the
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break-force to FMQ plots gave SIF as a gradient without biassing 
the results towards the origin. The stress-intensity factor 
program when given the details of the disc under test, the break 
force and crack length as the crack grew along the diameter, 
calculated the point-to-point SIF (assuming the origin to be one 
of the data points) and the break force in Newtons and FMQ. The 
results were presented in a table like that shown in 
Figure 13. 3-
Strain-energy release rate and crack-tip speed were
calculated in the other program when details for the test disc, 
the areas of the sectors, crack lengths and distance run by the 
chart recording between markers on the crack propagation
sequence of the curve were given. Again these results were 
presented in the form of a short table like the one shown in 
Figure 13.3.
These result tabulations were produced for each disc
tested.
13. ll. Effects of Each Crack Initiation Method
Three methods have been used to start the crack for disc
tests and the success in producing a well-formed propagating
starter crack is critical to a reliable outcome of the fracture 
mechanics tests. Where the starter crack is not well-formed and 
capable of propagating, then extra work must be done at the 
notch-tip during loading to form the crack that will propagate.
The highest fracture-mechanics values were obtained from 
razor-blade initiated discs irrespective of the orientation of 
the test diameter. The values of the directly calculated GIC 
were high and wide ranging but about the same as values 
calculated for the three-point-bend tests. Figure 13.& shows
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Disc fractured along:
Gate
3*15 ± 1-01*  180 0 diameter
270 0 diameter 3*23 ± 1-234
Pulling speed: 83 pm s“ ‘ (5 mm miri 
21 °C & c. 5 0% r.h .
"One-shot" tests.
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Crack-tip speed, a /  pm s
FIGURE 13-4. Variation of with crack-tip speed, a, for razor-blade  
initiated, sudden fracturing of PES 300P injection-moulded discs in round 
compact tests. Rough fracture surfaces were produced.
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(a) Rough and sp lin te red  surfaces from  ra z o r -b la d e - in it ia te d  frac tu re s
(b) Smooth surfaces with hesitation lines from S ta n le y -b la d e -in it ia te d  
fra c tu re s
FIGURE 1 3 .5 . Typical matching fra c tu re -s u rfa c e s  of b la d e -in itia te d  
disc tes ts . Cracks trave lled  from the notches on the  le f t  hand  
side to  th e  righ t hand edges of the discs. (1 division = 1 mm).
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(a) Rough and splintered surfaces from razor-b lade- in i t ia ted fractures
(b) Smooth surfaces with hesitation lines from Stanley-b lade-in i t iated 
fractures
FIGURE 13. 5. Typical matching fracture-surfaces of b lade-in it ia ted 
disc tests. Cracks travelled from the notches on the le f t  hand 
side to the right hand edges of the discs. (1 division = 1 mm).
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that the crack-tip speeds for razor-blade initiated tests were 
fast at 105 pm s-*1 . The SIF values were also unusually 
large at two to three times what would be expected from the TPB 
tests. The 95 % confidence ranges were large and the percentage 
fits for the linear regressions were also poor as tabulated 
below. Linear regression was done using n data-point pairs from 
a total of N points taken from Q discs, {n/N[Q]>.
SIF by Linear Regression for Razor-Blade Initiated Tests
Test diameter Gradient 
orientation SIF
Intercept X-fit {n/N £Q]>
KIC A
•
(degrees)
MN m"3/2 
x ± s95
N
x ± s93
%
180 6.2 ± 3.6 -338 ± 670 90 (5/5C53 >
270 6.6 ± 31.2 -591 ± 7 866 13 < 5/5 C533
The clue to why both the gradient and intercept values
were so high is seen in the fracture surfaces of these disc
tests: all of them are very rough and splinters are present as
shown in Figure 13.5(a) These fracture surfaces are
reminiscent of the TPB fracture surfaces where the crack was
formed and propagated during the test sequence by the growth of 
a bundle of crazes. It seems likely that a similar process has 
taken place in the razor-blade initiated disc tests.
The razor-cut did not form a crack capable of propagating 
from the starting position but if a bundle of crazes formed and 
grew into cracks in an irregular manner during loading then a 
rough, brittle and splintered fracture surface would be the 
result. This is the kind of surface seen in Figure 13.5(a).
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0 °  diameter
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FIGURE 13*6. Variation of Gjq with crack-tip speed, a, for Stanley-blade 
initiated, sudden and controlled fracturing of PES300P injection-moulded 
discs in round compact tests.
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Such rough and splintered fracture surfaces have grown 
more crack area than Is represented by the simple sectional area 
of the ligament that is used to calculate the GIC* Hence 
<3jC values so calculated must be overestimates because of the 
underestimation of the crack area. A similar argument also 
applies to the initial breadth of the crack which is used in 
calculating KIC. The breadth of crack should account for the 
bundle of cracks formed around the razor cut which will mean 
that the actual breadth of crack exceeds the simple breadth of 
disc, so the KIC is also in error and an overestimate. The 
results of the Stanley-blade and chevron-notch initiated tests 
confirm this view.
When the Stanley blade was used to initiate the starter 
crack the crack was seen to propagate for a short distance. The 
resulting values of strain-energy release rate and their 
variation with crack-tip speed are shown in Figure 13.6. for 
room temperature and below. There is a distinct difference 
between this plot and its counterpart in Figure 13.4 for 
razor-blade initiated tests, also pulled at the same speed. 
These GIC values are much smaller, about 1.0 kJ m“2, while 
the crack-tip speeds range from 10z to 10® jjm s-1. 
However, of the three temperature sets the room temperature set 
has a much wider distribution of values.
The fracture surfaces, shown in Figure 13.5(b) for these 
disc tests, although not completely featureless are plainly much 
smoother than the razor initiated tests and must, therefore, 
give more reliable fracture mechanics values. An examination of 
the fracture mechanics values at and below room temperature 
shows that these values have indeed reduced to more recognizable 
values similar to those of TPB tests.
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FIGURE 13.7. Variation of strain-energy release rate with 
temperature,at and below room temperature. Pulling speed was 
83*3 pm s"1. Discs were 113 mm in diameter and the thickness was 
6-27 ± 0*06 mm along the crack path. Each disc was precracked 
with a 'stanley* blade so tha t the crack grew along the diameter 
through the gate and away from the gate. Discs were single-edge 
gated injection-mouldings of PES 300P.
Ranges show the 9 5 %  confidence limits fo r the 
population mean, S9 5 . The Gurney sector method was used to 
measure Gj^. The notation { n / N [Q]} indicates n data points 
were used fo r analysis from a to ta l of N points taken from Q 
discs.
- 13 .17- 13pz*ts3
{ n / N [Q]J: 7 / 7[4] 
%  f i t :  87-2
F-ratio: 34
7 / 7  [4]
97-7
238
6 / 6[4] 
80-0 
16
CNJ
rni
LJ»— i
3 -
2 -
1 -
0 — i----1----1----1----1----1-------1--1---i----1— "i
-8 0  -70 -6 0  -50 -4 0  -30 -20 -10 0 10 20 30
300-i 
200 
100 
0
g  -100
c
-200 -j
CL
CU
UJ
X _
F
■300 J
i 1------- 1------- 1------- 1------- 1------- 1— ~r~
-80 -70 -60  -50 -40  -30 -20 -10
Temperature /
-i----1--- 1---- 1
0 10 20 30
°C
FIGURE 13.8. Variation of critical stress-intensity factor, Kj q , 
at room temperature and below for whole disc tests of injection- 
-moulded PES300P. Discs were tested as pin-loaded round compact 
specimens precracked with a 'stanley' blade for crack growth away 
from the gate along the diameter through the gate. Pulling speed 
was 83*3 pm s~1. Disc thickness was 6*27± 0*06 mm and diameter 113mm.
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FIGURE 13.9. Variation of derived Young's modulus, E = Kj q . G j£, 
with temperature, at and below room temperature, for tests on 
injection-moulded PES300P discs. . Discs were 6-27±0-06 mm thick 
and 113 mm in diameter. Cracks were started at the gate side and 
grown across the diameter through the gate.
Ranges show the 95 %  confidence limits for the 
population means, x ± S95. Tests were made at a pulling speed of 
83*3 pm s\
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Variation of strain-energy release rate at and below room 
temperature Is shown In Figure 13.7 and the corresponding 
variation in stress-intensity factor with temperature in 
Figure 13.8. For both these plots the variation in values 
swamps any trend that might be deduced, an indication that 
aggregating the data from several discs has a distorting effect 
on the results. A physical reason for grouping data, like with 
like, is required. If sufficient data were available from 
testing one disc this would probably reduce the variability of 
the results.
A further indication of the variability of these results 
is seen in the derived modulus from these fracture mechanics 
values shown with temperature in Figure 13.9. A slight increase 
in the Young’s modulus between room temperature and -72 'C would 
be expected: the dynamic moduli in Chapter 2 indicate an
increase from 2 to 3 GPa. Figure 13.9 suggests that the derived 
modulus could more than double because the confidence range is 
so great. Plainly more control is required in the tests to
reduce the scatter.
One of the ways in which scatter could be reduced is in 
reducing the pulling speed. The effect of reducing the pulling 
speed for chevron-notched tests from 83 pm s-1 to 
0.83 pm s_1 (and below) reduced the crack-tip speed and caused 
Gjc values to be more closely bunched as can be seen in
Figure 13.10 where the crack-tip speeds close to 10^ pm s”1
and above are associated with the fastest pulling speed. 
Generally, the values for Stanley-blade and chevron-notch 
initiated tests have GIC values around 1 kJ m “2 which are 
about a third of the corresponding TPB test values. The 
chevron-notch initiated tests also have similar smooth, brittle
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FIGURE 13-10. Variation of Gj£ with crack-tip speed, a, for chevron-notch 
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(a) Smooth glassy surfaces of sudden uncontrolled frac tu re  of disc VCH4
(b) Very fine surface texture  of contro lled frac ture  of disc CH15
FIGURE 13.11. Typical matching frac tu re -su rfaces  of chevron-notch 
initiated disc tests  of PES 300P. Cracks were grown from chevron 
notches shown on the le f t  to the edge of discs on the right.
( 1  division = 1 mm)
-  13 22-
fracture surfaces to the Stanley-blade initiated tests as shown 
in Figure 13.11.
13.5. Conclusions
High crack-tip speeds were found to be associated with 
starter cracks that were badly formed. Often in these 
conditions the fracture mechanics values would be higher than in 
TPB tests. The explanation seemed to be that it took time under 
the appropriate load for the propagating crack to be formed. 
Meanwhile, because energy could not be used in forming new crack 
area the work done by pulling the disc at a constant 
displacement rate, which was surplus to the energy requirements, 
was stored as elastic strain energy in the disc. When the crack 
began to propagate, all the stored strain energy became 
instantly available for crack growth and the crack surged ahead 
until all this surplus stored energy had been used up. Thus the 
quality of the initial cut or crack determined how long a 
propagating crack took to form and hence the amount of surplus 
energy stored in the disc which in turn governed the speed at 
which the crack could initially travel.
The best starter crack for the disc test was found to be 
formed from a single propagating crack. The chevron-notch 
method of crack initiation was preferred because well-formed 
cracks could be grown, under observation, along the specified 
diameter to a starting position across the full breadth of the 
disc. Under the test loading conditions such starter cracks 
grew with smooth fracture surfaces: brittle but not necessarily 
featureless.
Even for starter cracks able to propagate, it was noticed 
that an improvement in the extent of the scatter of results
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could be achieved by reducing the crack-tip speed which was 
brought about by using the slowest pulling speeds. Doubtless 
slow pulling speeds gave time for badly formed cracks to become 
able to propagate again.
Aggregating data from similar disc tests was also seen to 
increase the scatter present in the end result. For this reason 
attempting to maximize the data from one disc was seen as an 
effective strategy in obtaining more reliable fracture mechanics 
results.
From these preliminary disc tests and results, initial 
criteria for conducting the disc tests emerged which were then 
applied to the chervron-notch initiated disc tests. These 
results are reported in Chapter 1A.
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14. RESULTS OF PES SINGLE-DISC FRACTURE-TOUGHNESS TESTS
This chapter reports the results of the whole single disc 
approach to testing for fracture mechanics values. It has 
already been shown that aggregating test results from tests on 
single discs produces values with unacceptably wide scatter. 
However, it has been possible on chevron-notch initiated discs 
to grow cracks that were easily monitored because the progress 
of each crack was controlled, steady and slow. Many 
measurements were made for each disc, both for stress-intensity 
factor and strain-energy release rate, so that these 
fracture-mechanics values could be compared from disc to disc.
For comparison of the SIF data, measurements of force and 
crack-tip position taken during the crack-initiation phase, CIP, 
have also been included for each disc. During the 
crack-initiation phase, when the crosshead displacement was 
being manipulated to grow the crack from the chevron into the 
breadth of the disc, the crack often surged forward upon 
reaching the top of the chevron. Only by rapid unloading of the 
disc was it possible to stop the crack and save a large ligament 
for the test. The CIP measurements of force and crack-tip 
position were taken at the point of surge. Plainly, these 
measurements have a different pedigree from those of the test 
which are from a crack growing slowly and steadily. This can be 
seen in the results. Only where an annealing treatment was 
given to the disc were the CIP data similar to those of the 
test.
14.1. Stress-intensity Factor by Linear Regression for Discs
The break-force to FMQ plots for the two discs with the 
largest number of data points are shown in Figures 14.1 and 14.2
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FIGURE 14.1. Break force —  frac ture  mechanics quantity plot fo r  
data collected during stable, britt le  fracturing of one injection-moulded 
PES300P disc, CHS. The crack was grown at a slow pulling speed of 
0*83 pm s~1 [=0*05 mm miri^] a t 2 0 ° C  and 5 0 %  relative humidity.
The crack travelled through the 6*13 mm thickness along the 113 mm 
diameter passing through the gate and grew in the direction away from  
the gate.
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o —  denotes CIP points.
x — crack area calculated between these 
points for Gj q .
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FIGURE 1 4 .2 .  Break force — fracture mechanics quantity plot fo r  
data collected during stable, b r it t le  fracturing of one injection-moulded 
PES 300P disc, CHAN(2)-2. The crack was grown a t a slow pulling speed 
of 0-5 pm s”1 [=0 03 mm min” ]^ at 18*5 °C and 50 %  relative humidity. The 
crack travelled through the 6*12 mm thickness along the 113 mm diameter 
passing through the gate and grew in the direction away from the gate.
Data from the crack-initiation-phase (CIP) are also 
included as part of the 19 points in the set.
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Results of PES Single-Disc Fracture-Tougnness Tests
which correspond to discs CH5 and CHAN(2)-2.
Disc CH5’s plot was typical of the response for untreated 
disc testpieces. The majority of the points, 9 out of 10, 
formed a well-defined line with an intercept which was not 
significantly different from the origin. Only when the CIP 
point, which was obtained under surging crack-growth conditions 
different from the controlled conditions of the disc’s test, was 
a linear regression line found which did not pass through all 
the points (see Figure 14.1) and had an intercept which was 
significantly different from the origin. It should be noted
that even the percentage fit was improved when the CIP point was
not included.
Disc CHAN(2)-2 had been annealed in an attempt to remove 
the effects of residual stress within the disc caused by the 
rapid cooling in air after moulding. A simple annealing cycle 
was arranged for this disc in an oven whose temperature was 
raised in steps to about 180 °C and then decreased slowly in
steps to room temperature. The whole cycle took about 24 h.
There was a further delay of weeks before the disc was 
eventually tested.
The annealed disc results were remarkable not only 
because it was possible to make so many measurements during the 
test but also because growth of the crack in the crack
initiation phase was very controlled and stable even allowing
two measurements to be made. Moreover, when this data was 
ploted on the break-force to FMQ plot, there was very little 
difference in the trend of these points and the trend for the 
rest measured during the test. This minimal difference was 
confirmed by the fact that the gradients for regressions 
including and excluding CIP data were not significantly
-14.4- I4sdftl-sth9
oo
CO
CO o
ON
ON o
o
o
On
i_n
in
LD
-d-
nO
SO
CNJ
rn
i ,
LJI— I
v*“ CO
vO ON 
0N  ON
CO
On
O n
sO
On
O n
O n
O n
O n
LT>
O n
<fr
On
On
SO
O n
O n
O n
O n
O n
O n
O n
O n
includes
2
CL
<D
LJ
£_
cu
c z
20 
0 
-20 
-4 0  
-6 0  
-80  
-100 J
f 1
LO Ln
LJ
 ! r
a. ^  ^I—i O  o
LJ
n co co
*—*1 o  o
LJ
 1--
+
CL °P *—I o  
LJ
o p
O
nn
rh
co
Pulling speed / pm s- 1
FIGURE 14.3.  Variation of critical stress-intensity factor, with some 
inclusion of crack-initiation-phase (CIP) data, for stable crack growth 
at slow pulling speeds in injection-moulded discs of PES300P. These 
experiments were carried out at room temperature, c. 2 0 °C, on discs 
6-13mm thick with cracks grown, away from the gate, along the 113 mm 
diameter through the gate. (Analysis by linear regression)
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TABLE 14.1. Fracture-Toughness Values of Whole Disc Tests
Disc code Test data 
taken for 
pulling 
speed
Stress- 
intensity 
, factor
Strain-
energy
release
rate
Derived 
Young *s 
modulus
KIC GIC E=(KIC)2. (Gj-c)"1
jjm s-1 MN m“3/2 kJ m -2 GPa
x ± s93 x ± s95 x ± s95
CH14 CIP + 0 . 5 2. 19 ± 0. 09 4.50 ± 0.94
0.5 2. 06 ± 0. 12 1.06 ± 0.21 4.01 ± 0.87
CHAN(2)-2 CIP + 0 . 5 1. 69 ± 0. 06 2.55 ± 0.34
0. 5 1. 74 ± 0. 04 1.12 ± 0.14 2.73 ± 0.35
CH5 CIP + 0.8 2. 54 ± 0. 34 5.58 ± 2.88
0. 8 1. 81 ± 0. 13 1.16 ± 0.56 2.85 ± 1.40
CHI 6 CIP + 0 . 8 2. 29 ± 0. 28 5.43 ± 2.36
0. 8 1.73 ± 0. 14 0.96 ± 0.39 3.11 ± 1.29
CH ( 3 ) 83.3 1. 85 ± 0. 07 1.02 ± 0.25 3.36 ± 0.84
Notes:
CH in disc code signifies a chevron-notch and AN an annealing 
treatment. Thus, CHAN shows a disc was annealed after 
chevron-notching.
CIP indicates the data from the crack-initiation phase.
Derived modulus for samples containing CIP data were calculated using 
GjC measured on the controlled crack-growth alone.
See also Figures 14.3 14.4 & 14.5*
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different. The inclusion of CIP data caused the intercept to 
become larger and significantly different from the origin by a 
small amount which would be consistent with slight changes in 
loading configuration brought about by unloading the disc in 
preparation for the test.
The critical stress-intensity factor resulting from five 
of these disc tests made at pulling speeds from 
0.5 to 83.3 jJm s-1 are shown in Figure 14. 3 . and given in 
Table 14.1. From these results and with the exception of disc 
CH14, regressions containing CIP data for all other unannealed 
discs not only have higher KjC values but much greater
associated scatter indicating the systematic difference between 
the test and CIP data. Linear regressions depending on the test 
data alone have a smaller more consistent KjC value, between
1.59 and 2.18 MN m “3/2 and less scatter in each value. The 
reduction in scatter is also noticeable in the intercept values. 
Disc CH14 seems to give results typical of the conditions in 
that disc where, perhaps, residual stress has a toughening 
effect. The pulling speed does not affect the outcome.
Once again the results from the annealed disc, CHAN(2)-2,
are conspicuous by the narrow range of the results, with Kxc
ranging between 1. 70 and 1.78 MN m“3/2#
14.2. Critical Strain-Energy Release Rate for Discs
During the same period of test for SIF measurements on
each of the five discs, measurements were also being made for
the Gurney sector determination of critical strain-energy 
release rate as outlined in Chapter 12. The intervals of crack 
growth used were of similar sizes so direct averaging rather 
than linear regression was used.
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FIGURE 14 .4 .  Variation of critical strain-energy release rate, 
found by Gurney sector method, for stable crack growth at slow 
pulling speeds in injection-moulded PES 300P discs. Measurements 
were made at room temperature, c. 20 °C, relative humidity c. 5 0 % ,  
on 6-13 mm thick discs with cracks grown, away from the gate, 
along the 113 mm diameter through the gate.
Ranges show the 9 5 %  confidence limits for the 
population means, x ± S95. The notation {n /  N [ Q]} indicates 
n data points were analysed from a total of N points taken from 
Q discs.
- m .  8- 14-sdf tl-sth9
Sectors were formed on the load-displacement record by 
drawing in the elastic load lines to the marked points on the 
crack propagation curve in straight lines from the origin and 
the enclosed area produced was measured with a planimeter. This 
procedure avoided the very time-consuming process of unloading 
and reloading the disc to produce the actual loading lines which 
were also largely linear.
Although this unloading and reloading cycle has not been 
exhaustively examined for PES disc testpieces, the shape of the 
loading line in Figure 12.2a appears to be typical in being 
largely composed of two gradients: an initial short steep
sequence followed by a longer less steep sequence. The reason 
for these two gradients seems to lie with plastic deformation 
occurring at the crack-tip which may be exacerbated by sudden 
fracturing. The longer less steep gradient line is what would 
be expected for a loading line except that it has been displaced 
upwards leaving the steeper sequence to return the loading to
the origin. There, also, appears to be hysteresis in this short
steeper sequence. Part of the behaviour seen here would be 
accounted for by the inability of the two fracture surfaces to 
mesh together perfectly when the disc was unloaded. The disc 
would also tend to shift its loading configuration while only
small loads were applied to the disc.
Making the assumption of linear loading lines appears to 
be reasonable, checks made on the actual loading lines show that 
there were small differences but these were assumed to be 
negligible.
The Gic values resulting from the Gurney sector 
calculations for the five discs are plotted against pulling 
speed in Figure Ik. k. Pulling speed does not change the
-Ik.9- I4sdftl-sth9
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FIGURE 14.5.  Variation of derived Young's modulus, E = KjqGj£, 
with inclusion of crack-inifiafion-phase (CIP) data, for stable 
crack growth a t slow pulling speeds in injection-moulded PESBOOP 
discs. Measurements were made at room temperature and humidity, 
c. 20 °C and c. 5 0 %  r.h., on 6*13 mm thick discs with cracks grown, 
away from the gate, along the 113 mm diameter through the gate.
Ranges show the 95 %  confidence limits for the 
population means, 7 + s ^ .
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critical strain-energy release rate which appears to be constant 
at about 1.0 kJ m“2 . Once again it is noticeable how small 
the variation was for the annealed disc, CHAN(2)-2: 
GjC = 1.12 ± 0.14 kJ m-2 compared with 1.16 ± 0.56 kJ m -2 
for CH5 and 0.96 ± 0.39 kJ m -2 for CH16.
14.3. Derived Young’s Modulus for Discs
In Figure 14.5 the fracture-mechanics results of Sections 
14.1 and 14.2 were combined to calculate Young's modulus. This 
derived modulus is plotted against pulling speed with allowance 
being made for the presentation of results of sets incorporating 
CIP data.
Values of Young's modulus from the literature are given 
in Chapter 10. Generally, Young's modulus ranges from
2.5 to 3*4 GPa. The corresponding plane-strain modulus ranges 
from 3.0 to 4.1 GPa.
The mean derived modulus value for untreated discs 
including CIP data were all higher than even the calculated 
upper limit for the plane-strain modulus of 4.1 GPa. Only by 
applying the the 95 % confidence range for these derived modulus 
values did their ranges extend into that of the plane-strain 
modulus. Obviously these values reflect the systematic
difference in test conditions embodied in the CIP data and are 
not a reliable guide to the material properties.
However, mean derived moduli for untreated discs,
excluding CIP data, lie within the overlapping range of both 
Young's modulus and the plane-strain modulus, with 3 out of 4 
actually within the Young's modulus range. Notably, when the
95 % confidence ranges are considered, the range of derived 
modulus for each untreated disc overlaps the Young's and
-14.11- I4sdft2
plane-strain modulus values. Disc CH14 has the largest mean 
value probably due to the slightly larger SIF value for which 
there was no obvious explanation. Overall, there was no effect 
on the derived modulus due to pulling speed which is expected 
because pulling speed showed no effect on the component 
fracture-mechanics values.
The annealed disc, CHAN(2)-2, had the smallest mean 
values for derived modulus and there was no significant
difference between the 95 % confidence ranges for the CIP 
inclusive and CIP exclusive results. The derived modulus, 
excluding CIP data, was 2.73 ± 0.35 GPa with the mean value in 
the Young's modulus range and its predicted 95 % range ;}ust
overlapping the plane-strain modulus range. The conditions of 
this disc test seem to represent the optimum for this material.
14.4. Evidence of Yielding at Surface Edges of Cracks
Varying amounts of yielding at the surface edges of the
cracks were seen. A PES 300P disc testpiece that had been 
annealed prior to testing showed no yielding along the line of 
the crack. Figure 14.6 shows the extent of yielding about the 
crack-tip of disc CH16 which was unannealed.
The crack in disc CH16 did not exactly follow the chevron 
in the crack-initiation phase but, none the less, produced a 
well-formed starter crack from which the test was made with a 
propagating crack. The view of the crack shows a "smooth" crack 
without any large features or disturbances to the crack's
progress, similar in kind to the fracture surfaces of disc CH15 
shown in Figure 13.11(b).
The curved crack-tip extends within the disc about 900 jjm
ahead of the first signs of yielding on the surface of the disc.
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[a) Overall view of crack in body of disc
C r a c k - t i p ^  Surface y ie ld in g  s ta r t s
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(b) View of crack-tip and surface yielding
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200 pm
(c) Closer view of surface yielding
FIGURE 14.6. Views of the crack in PES 300P disc CH16 and 
surface yielding around the crack-tip .
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The crack appears at the surface in the centre of the yielded 
region 1.6 mm after the first signs of yielding as shown in (b) 
and (c) of Figure I k . 6. Hence, the total distance measured
along the surface from the crack-tip position to the point where
the crack emerges at the surface would be 2 500 jjm (or 2.5 mm)
in this case. This would be a considerable systematic
difference in measurement if, instead of taking the crack-tip as 
the position of the crack, the position of the crack emerging at 
the surface were used.
Often in other reported tests the specimen was opaque and 
the only external indication of the crack’s location was from 
where the crack emerged on the surface. Plainly confirmation of 
the crack’s true extent is required. Another problem arises 
when, in an attempt to automate the test, a conducting grid or 
foil gauge is used to track the crack’s location: again, the
true extent of the crack needs to be investigated.
Surface yielding appeared to be confined between the two
parallel lines spaced about 180 to 200 pm apart along the length 
of the crack with the material between these two lines necking 
into the body of the disc. A similar process could be seen on 
the opposite surface of the disc at the line of the crack. The 
yielded region extended into the edges of the breadth by about 
100 pm from each of the disc’s faces for the crack’s length.
I k . 5. Disc Compliance Curves During Stable Fracturing
For three of the stably fracturing discs (CHAN(2)-2, CH5 
and CH16), there was sufficient detail in the force-displacement 
record for the break compliance to be ploted against the 
crack-length to fracture-mechanics width ratio. Break
compliance was calculated assuming straight load lines between
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FIGURE 14.7. Variation of compliance during stable fracturing, 
for injection-moulded PES 300P discs, with the crack length to  
fracture-mechanics width ratio. Measurements were made a t room 
temperature and humidity, c. 20 °C and c. 50 % ,  on 6*1 mm thick  
discs with cracks grown, away from the gate, along the 113 mm 
diameter through the gate.
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the origin and marked points on the crack propagation curve. 
These plots are shown in Figure 1/1.7.
Generally, these curves are J-shaped. The gradients are
positive and become progressively larger with increasing 
crack-length to fracture-mechanics width ratio. The plots do 
not fall on the same curve but are slightly displaced from each 
other. This displacement amounts to about 2 to 3 % in the 
crack-length to fracture-mechanics width ratio, indicating a
systematic shift in the measurements probably due to errors
associated with measuring the crack-length.
Overall, these plots show a smooth increase in compliance 
with the corresponding increase in crack length.
14.5.1. Geometrical stability factors (GSFs) of disc testpiece
The conditions controlling the energetic stability of 
cracking have been reported by Gurney & Hunt (1967)# 
Gurney & Mai (1972) and Mai & Atkins (1980). Detailed chapters 
on crack stability have been included in Caddell (1980) and 
Atkins & Mai (1985). Cracks are assumed to be in their
propagating state and following, undeviated, their original 
paths.
Gurney & Mai (1972) pointed out that the ' stability 
depended upon: the stiffness of the testing machine; how the
fracture toughness, R, of the material under test varied as the 
crack grew; and the geometrical shape of the testpiece. Tests 
were broadly divided according to whether the testing machine 
was hard or soft, that is whether a stiff, screw-driven 
displacement-controlled machine or a hydraulic, load-controlled 
machine was used. A stability criterion was derived for each of 
these types of machine which related the fracture toughness
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factor to the geometrical factor dependant upon the compliance, 
C, of the actual testpiece under investigation and its variation 
with crack area, A.
For the Instron screw-driven displacement-controlled 
machine used in continuous operation to test the discs under 
monotonically increasing displacement, the criterion for stable 
cracking was given by the inequality:
d2C
1 dR > dA2 - 2 dC
R dA dC C dA
dA
Gurney & Mai called the right hand side of this
inequality the geometrical stability factor (GSF) because this 
expression depended upon the compliance of the testpiece and its 
variation with crack area which were both governed by its shape. 
For consistency, the left hand side of this inequality will be 
called the toughness stability factor (TSF).
The data from the stably fractured discs of CH16 and
CHAN(2)-2 were detailed enough not only to give compliance but 
also the rates of change with crack area. A value of dC/dA 
could be calculated for a particular point if the data points on 
both sides were used to calculate the rate of change between 
these points surrounding the particular point and attributed to 
it. Thus with a group of three points showing a smooth
variation on Figure 14.7 and close to each other, a reasonable
approximation to the value of dC/dA could be found for the
central point. A similar procedure was used with five points to 
evaluate d2C/dA2 for the central point. These calculations 
were made for the bottom and top ends of the CH16 and CHAN(2)-2
plots, and the corresponding GSFs were calculated.
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It was not possible to compare these GSFs with their 
corresponding TSFs because the Gurney sector method did not have 
the sensitivity to resolve the variation for dR/dA at the 
particular points chosen. However, for each whole disc the mean 
value of R was calculated with the 95 % confidence limits, 
x ± From the areas of the disc’s cross-section cracked
for each Gurney sector measured, the mean area value and the 
corresponding 95 % confidence was also calculated. Thus an 
indication of the variation of dR/dA was represented by the 
Sg^ values for R and A. However, it should be noted that the 
ratio of these Sg^ errors take positive and negative values. 
From these 95 % confidence predictions and the mean value of R 
for each disc the TSFs were estimated.
Values of GSF and estimated TSF for discs CH16 and CHAN(2)—2
Disc Crack Break GSF Estimated TSF for
length compliance each whole disc
a a/w C
mm % jjm N"1 m-2 —  2m
CH16 60 71. 1 7. 28 42 200
±3 800
75 88. 9 57. 58 -24 000
CHAN 43 50.9 3- 22 2 600
( 2 ) -2 ±8 300
70 82. 9 25.32 7 600
For all the crack lengths used for the GSF calculations
the two discs were observed to crack in a stable controlled
manner so, in principle, the values calculated for GSF and TSF
should support the stability criterion inequality, TSF > GSF.
The unannealed disc, CH16, has only one GSF value (for 
the longest crack length) which is large, negative and plainly 
less than the range of the estimated TSF for that disc and
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consistent with the inequality. The situation for the annealed 
disc, CHAN(2)-2 is quite different: both the GSF values are
positive but are less than the positive value of the estimated 
TSF for this disc. In fact, the GSF values lie between the 
positive and negative TSF estimates. Hence for disc CHAN(2)-2
the observed stability of cracking and the prediction of the
stability inequality are consistent for the positive TSF
estimate.
The main difference between discs CH16 and CHAN(2)-2 is 
that residual stresses in the disc, due to rapid cooling after 
injection-moulding process, have been annealed out of disc 
CHAN(2)-2 and when the residual stress due to this manufacturing 
process has been relieved the results are more consistent with 
the crack stability inequality. This annealed disc also 
performs more reliably during the fracture-mechanics tests.
Gurney & Ngan (1971) and Gurney & Mai (1972) both 
anticipated that manufacturing stresses, like this residual 
stress, would have associated strain energy which would vary 
with the crack area. Unfortunately there is insufficient 
information about the nature of the residual stresses within 
these disc mouldings to check if the calculated GSFs for the 
unannealed disc are reasonable. None the less, the residual 
stresses were evident because their effects could be seen using 
crossed polaroid sheets, although the birefringence patterns 
seen through crossed Polaroid sheets can also be due to 
molecular orientation which would also be happening here too.
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14.6. Conclusions
Fracture-mechanics tests on single whole discs of
PES 300P under slow, stable, controlled crack-growth produced 
smaller and consistent values of both stress-intensity factor 
and strain-energy release rate with considerable improvements in 
the scatter when compared with room temperature Stanley-blade 
initiated results.
Data from the crack-initiation phase (CIP) was seen to 
distort the SIF test data because the CIP data represented 
conditions associated with the initiation of the crack before a 
stable crack was able to propagate such that more force and 
energy was present than needed for a propagating crack. As the 
stable propagating crack conditions were achieved the crack 
would surge forward at speed dissipating the excess energy. 
This finding was significant because CIP data demonstrated the 
behaviour often sought for traditional fracture-mechanics tests 
but which gave larger SIF values than were obtained from tests 
with stable controlled crack-growth.
Further confirmation of the validity of controlled 
crack-growth fracture-mechanics test data was seen in the 
derived modulus values which were consistent with the directly 
found Young’s modulus and plane-strain modulus for PES 300P. 
Extremely high derived modulus values with huge scatter were 
calculated when CIP data were also included.
Data used to show that compliance plots showed a 
characteristically smooth J-shaped progression with crack-length 
to fracture-mechanics width ratio also allowed geometrical 
stability factors to be calculated. Although it was not 
possible to resolve experimentally the detailed variation of 
fracture toughness, R, with growing crack area, an indication of
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this variation could be calculated for the whole disc, and thus 
the toughness stability factor could be estimated.
From these considerations the crack stability criterion 
for unannealed and annealed discs under observed stable cracking 
conditions was assessed. It was seen that the annealed disc 
appeared to support the criterion while only half the data 
supported the criterion for the unannealed disc. These findings 
were in keeping with observations of residual stress present 
within the unannealed discs which would complicate the pattern 
of strain energy and the energy required to grow the crack 
across the different portions of the disc’s diameter. Both of 
which would tend to increase the scatter and the values of the 
fracture-mechanics results for the unannealed discs.
Furthermore, these findings were in harmony with the 
fracture-mechanics results which showed that the annealed disc 
had the lowest values of SIF and strain-energy release rate 
together with the smallest associated 95 % confidence range and 
was, therefore, considered to be the more reliable measure of 
these values. For the annealed disc CHAN(2)-2,
KIC = 4*74 ± 0.04 MN m~3/2, GIC = R = 1. 1 2  ± 0.14 kJ m-2
and the derived modulus, E = 2.73 ± 0.35 GPa which is remarkably 
close to the Young’s modulus value of 2.73 GPa deduced from the 
100 s isochronous stress-strain curves at 20 °C (see 
Table 10.2).
It should be noted that the derived modulus values 
(excluding CIP data) of Figure 14.5 are in sharp contrast to the 
room temperature value shown in Figure 13*9 because of the 
considerable reduction in scatter which suggests that data 
corresponding to CIP events should be edited out of the 
Stanley-blade initiated sets for more realistic results to be
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presented.
Yielding of discs’ surfaces next to the crack was also 
seen, but not in an annealed testpiece. Surface yielding 
together with the obvious curvature of the crack fronts would 
seem to indicate that the modulus values and therefore 
fracture-mechanics values are closest to plane stress values.
-14.22- l4sdft4
15. DETERMINATION OF YIELD STRESSES AND PLASTIC ZONE SIZE
15.1. Preparation of Yield-Stress Test Bars
Bars were cut from injection-moulded discs of PES 300P in 
the same way as those for SEN bars and were not notched but were 
waisted on the horizontal mill using a cutter on a 31 mm radius. 
The general pattern for these yield-stress test bars is shown in 
Figure 15.1 and is based on the pin-loaded 
static-fatigue-failure specimen of BS4618 (BSI 1975).
Bars were cut from the four thicknesses of disc 1.8, 2.4, 
3.4 and 6.3 mm with 0 0 bar-length orientation. For the 2.4 mm
bars the 45 * and 90 * bar-length orientations were also added.
The four bars produced from each disc were waisted and tested
together as a set under the same conditions.
Cutting and machining were done dry without any cooling 
or lubrication. The effects of cutting and machining were not 
removed by grinding and polishing the cut surfaces. No 
annealing of the bars was made. Tests were made on the waisted 
test bars complete with their raw cut surfaces.
The narrowest width of each waist was measured as was the 
thickness of the disc across the corresponding region of each 
bar, and from these measurements the minimum cross-sectional 
area was calculated.
15.2. Experimental Details of Tensile Yield Stress Tests
Each bar was gripped at its ends using the Instron Jaws 
with a separation of 35 mm between them. Care was taken to 
ensure that the waisted test bars were aligned in the grips so 
that in each test the bars would be pulled axially without 
twisting or bending. The bars were pulled at one of three 
standard settings for the Instroni 1, 10 or 100 mm min-1
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85 mm
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Pulling force
FIGURE 15.1. Pattern for waisted y ie ld -s tress  tes t-b ars  used 
on injection-moulded discs of PES300P and based on the pin- 
-loaded s ta tic -fa tig ue -fa ilu re  specimen of BS4618.
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FIGURE 15.2. Example of force-displacement chart record as 
traced from original of waisted y ie ld -s tress  bar, S4. The 
moulding depth was 2-39 mm and the narrowest width of waist 
was 2-63 mm. The resulting yield stress was 86-98 MPa for  
a pulling speed of 167-pm s\ Bar-length orientation was 0 °  
for injection-moulded disc of PES 300P.
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Below room temperature, the temperature of each test was 
controlled by an Instron environmental chamber cooled by a 
supply of liquid nitrogen. The temperature of the waisted bar 
was monitored by a thermocouple close to the waisted bar under 
test in the chamber.
The force-displacement record for each test was made on 
the force-time chart recorder and the details of the speed of 
the crosshead were used to convert the chart recording into a 
formal force-displacement record of the kind shown in 
Figure 15.2. Since only the force at the yield point was 
required, this was read directly off the chart recording.
The yield stress values were calculated directly from the 
pulling force at the yield point divided by the initial minimum 
cross-sectional area of the waist for each bar.
15.3. Results of Tensile Yield Stress Tests
The results of the tests are collected together in 
Table 15.1. There is no significant difference in yield stress 
for the bar-length orientation for 2.43 mm bars. It is 
noticeable that the scatter in yield stress values for the 
fastest pulling speeds is larger than for the slower two speeds. 
Furthermore, when values for like speeds are compared from the 
different thicknesses of bar the ranges for the yield stress 
values do not all overlap as they might be expected to do. The 
size of this effect is small. This suggests systematic effects 
relating to the measurements or the material.
The most likely source of systematic measurement error is 
found in the measurement of the minimum width of the waist 
because the cutting process tends to leave ridges along each
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TABLE 15.1. Yield stress values for sets of 4 waisted bars cut 
from injection-moulded discs of PES 300P and tested at and below 
room temperature. Jaw separation was 35 mm.
Depth of disc 
moulding
mm
x ± sx
Bar-length
orientation
•
Yield stress
MPa 
x ± sx
Temperature
°C
x ± sx
Instron
crosshead
pulling
speed
pm s*"1
1.76 ± 0.03 0 65.9 ± 5.1 23. 2 1 666.
0 79.8 ± 2.7 23. 2 167.
0 77.9 ± 1. 0 23.2 16.7
0 118. 5 ± 1.7 -62.0 ± 0.3 167.
2.43 ± 0.03 0 91.0 ± 18. 8 23.3 1 666.
0 87.1 ± 0.5 23.3 167.
45 87.5 ± 1.4 23.3 167.
90 91.9 ± 6.6 23.3 167.
0 83.1 ± 1. 5 23.3 16.7
0 92.0 ± 3. 2 -0.7 ± 0. 4 167.
0 95.0 ± 3.0 -13.7 ± 0.3 167.
0 102. 5 ± 2.0 -27.5 ± 0.7 167.
0 110. 0 ± 1.1 -42. 6 ± 0.6 167.
0 122. 3 ± 2.1 -58. 0 ± 0.3 167.
0 123.5 ± 1.4 -61. 7 ± 0.6 167.
3.41 ± 0.05 0 86.8 ± 1.9 23. 2 1 666.
0 82. 4 ± 1.1 23. 2 167.
0 79.0 ± 0.3 23. 2 16.7
0 123. 7 ± 0. 8 -62. 0 ± 0.8 167.
6.25 ± 0.02 0 77.7 ± 2.8 23. 1 1 666.
0 86. 3 ± 1.7 23. 1 167.
0 85.1 ± 3 .0 23. 1 16. 7
0 127.0 ± 0.7 -61. 7 ± 0.7 167.
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FIGURE 15.3. Variation of yield stress below room temperatures in 
injection-moulded, PES 300R 2-43 mm thick, waisted sample-bars.
Sets of four waisted bars were cut at 0° bar-length orientation 
from 2*43 mm deep injection-moulded discs so that each set was
A
tested at a specified temperature. Pulling speed was 167* pm s 
corresponding to Instron crosshead speed setting of 10-mmmin . 
Points shown are sample means and the error bars are their 
sample standard deviations: x ± sx.
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sweep of the cutter for the length of the waist which, in turn, 
prevents an accurate minimum value being measured. The 
calculated value of the yield stress would then be 
correspondingly smaller than the true cross-sectional area of 
the waist would merit.
Another source of error is due to the cutting of the 
material and the raw cut edges which are left. Inspection of 
the broken pieces of the test bars shows that although many 
break cleanly through the yielded section of the bar a large 
number of the others produce subsidiary cracks in the yielded 
portion which remain after the bar has broken. These subsidiary 
cracks can also join the main crack leaving a stepped profile to 
the broken edge. It is difficult to assess from these results 
the contribution this effect has had on the yield stress except 
to point out that such existing flaws would again tend to reduce 
the initial minimum waist cross-sectional area although not 
reflected in the measurements. Hence the yield stress value 
again would be calculated smaller than its actual value.
15.3*1 Variation of yield stress for PES with low temperatures 
From the results, the variation of yield stress with 
temperature, at and below room temperature, for 2.43 mm thick 
bars has been plotted in Figure 15.3. The yield stress appears 
to fall gradually from 124 MPa at -60 °C, but not linearly, to 
87 MPa at 23 “C.
15.4. Comparison with Yield Stress Values from Literature
A summary of other known measurements for tensile yield 
stress of PES is given in Table 15.2. It is noteworthy that the 
yield stress values at room temperature for slow pulling rates
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TABLE 15.2. Tensile Yield Stress Values for PES from Literature
Yield stress Temperature Notes and references
°y
MPa •G
85 ± 1.7 
freshly moulded.
96 ± 1.9 
annealed for 3 h.
98 ± 2.0 
annealed for 6 h.
c. 20 Pulled at 8 jjm s’”1 
Hine (1 98 1) and Hine, 
Duckett & Ward (1981).
89
freshly moulded. 
95
5-year old 
mouldings.
G. 20 Pulled at a strain rate 
of 10“2 s"1 . Hine, 
Duckett & Ward (1984).
(M•
•St
GO c. 20 As quoted. Ting (1981).
85-9 23 Turner (1981).
101.5 -20
86 ± U c. 20 Using small dumb-bell 
shaped specimens pulled 
at 0.5 mm min-1 
(8.3 p m s'"1 ) cut from 
0.25 inch infection 
moulded discs dried in 
vacuum oven for 2 weeks 
at 200 °C. Hinkley & 
Campbell (1983).
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of 8 pm s”1 are not significantly different between Hine and 
Hinkley & Campbell nor are these values different from those of 
Ting or Turner. Indeed the value from Table 15.1. for the
6.25 mm depth of moulding is identical and there is close 
agreement of values throughout the rest of this table. Even 
Turner’s -20 *C value corresponds to the value expected between 
-13.7 and -27.5 "C in Table 1 5.1.
Of particular interest is whether the effect of the 
different layers in the moulding or the changes brought about by 
the working of the material in the cutting process along the cut 
edges can be detected in the value of yield stress. A clue to 
the measurable effect of the cutting process can be found in 
comparison with the polished yield specimens cut from 6 mm thick 
injection-moulded plaques of a similar PES where the yield 
stress was 85 ± 1.7 MPa at 20 "C for an 8 pm s”1 pulling rate 
(Hine 1981, Hine, Duckett & Ward 1981) which is not 
significantly different from the value of 8 5 .1 ± 3 . 0  MPa for
6.25 mm thick bars at 23.1 *C for a 16.7 pm s_1 pulling rate 
shown in Table 15.1. So there is agreement in values for 
injection-moulded materials, with and without polished surfaces 
to remove flaws, but no unoriented or unlayered, oriented 
values have been found for comparison to show the effects of 
orientation.
15.5. Evaluation of Ductility Factor and Plastic Zone Size
15.5.1. Ductility factor for PES
The use of ductility factor, defined by (Kcl/Oy)2, 
as a measure of ductility at fracture was proposed and discussed 
by Moore (1979) and further discussed with examples from five 
polymers by Moore, Hooley & Whale (1981). The SIF, KC1#
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represents the purely plane-strain component of the Mode-I
critical SIF, KIC, and is the dominant component in the whole
i
PES disc tests broken under slow, controlled crack-growth 
conditions.
The value of the ductility factor is its role as a simple 
measure to rank polymers by their ductile response to fracture: 
the larger the value the larger the ductile response. The
ductile factor is the major component of the expression for
plastic zone size and so cannot be compared directly with
observations of the size of the plastic processes found at the
crack-tip. However, the ductility factor does appear as a
factor in the recommendations on crack length and specimen 
thickness required to ensure plane-strain conditions for the 
standard tests set out in BS5447:1977 even though the yield
stress has been replaced by the 0.2 % proof stress which is 
applied to metals for this standard. A similar specification is 
set out in ASTM E399-81. The requirement is that the crack
length and the thickness should be greater than 
2.5 < K I C / O y ) 2 . or 4(KIC/oy )2 allowing for
underestimations.
If disc CH5 is taken to be typical of slow controlled 
cracking experiments with a predominately plane-strain SIF value 
of KIC = 1.81 ± 0.13 MN m ~ 3 / z when pulled at 0.83 Jim s""1
and the corresponding tensile yield stress cy = 85.1 ± ft.8 MPa 
at the closest pulling speed of 16.7 Jim s_1 for the 6 mm thick 
discs, then the ductility factor is 452 ± 41 jim (x ± Sg^). 
Allowing for underestimation, this would predict that a crack 
length and thickness of at least 1.97 mm would be required for a 
fracture-mechanics testplece.
-15.10- 15ypz2
15*5.2. Plastic zone size for PES
The size of the plastic zone is calculated from the 
length: ry = (1/27T) (KIC/oy )2 from Chapter 3. For PES on
the same basis as the ductility factor, the plastic zone length 
is calculated to be 72 ± 7  pm.
It should be possible to compare this predicted length 
with observed plastic zone processes. The plastic zone contains 
localized yielding in which voids are opened up in the body of 
the zone until a recognizable craze is formed. The PES in the 
craze continues to be pulled and is drawn out until it breaks. 
This happens progressively with the craze breaking at the crack 
tip. Thus the length of the craze and the length of the region 
yielding before it are both considered to make up the plastic 
zone length.
The reduced density of the craze and the consequent 
reduction in its refractive index makes the craze visible and 
its length measurable. Hine has made these measurements on a 
similar PES and found the length of the craze in unannealed PES 
to be 43.5 ± 2 jjm. The length of the plastic zone is also 
calculated on data from unannealed PES and the measured length 
of the craze does indeed fit within the predicted overall length 
of the plastic zone. Hence the simple, localized yielding model 
for crazing is supported.
Hine also found that in annealed PES the craze length was 
longer at 72 jjm. One of the whole disc tests was also on a disc 
which had been annealed but the SIF value was not significantly 
different and so the plastic zone length would be the same, 
assuming the yield stress was unchanged. This result suggests 
that, not only does annealing allow a longer craze to be formed, 
but annealing also reduces the transition length of localized
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yielding between the unyielded PES and the craze. However, 
confirration of an unchanged yield stress is needed.
15.6. Conclusions
Apart from the effects of machining induced flaws, yield 
stress of PES was found to be similar in value to the values 
reported by other experimenters. Typically, at room temperature 
the value was about 85 MPa. Yield stress was found to decrease 
non-linearly as the temperature was increased to room 
temperature.
Calculations for ductility factor indicate that the 
dimensions of the fracture mechanics specimens should be greater 
than 2 mm. The predicted plastic zone size was found to be 
72 ± 7 pm which was consistent with measured craze lengths of 
43.5 ± 2 pm by Hine.
What is remarkable is how close Hine's measurement of 
craze length in annealed PES was at 72 pm to the predicted 
plastic zone size of 72 ± 7 pm in these experiments. It 
suggests that the craze should be the entire plastic zone.
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16. DISCUSSION
Fracture mechanics values depend crucially upon the 
nature of the crack introduced for the test, its shape, 
sharpness, location and how accurately its length can be 
measured. For the test to be valid the crack must be able to 
grow immediately the critical stress is reached for the length 
of crack. Furthermore, a failure to understand what processes 
must occur before a macroscopically brittle crack can be 
propagated in a material, like glassy thermoplastics which are 
microscopically ductile, can prevent valid fracture mechanics 
tests being made. It is not sufficient only to make a sharp cut 
or notch because this does not introduce the yielding process at 
the notch-tip: the fully-formed craze necessary for the crack to 
propagate into.
Tests made without a fully-formed natural crack only 
succeed in making a measurement of the process of yielding and 
initiating a natural crack that requires extra work varying 
according to the sharpness of the notch and whatever changes 
have been induced in the material ahead of the notch-tip. A 
natural crack is able to propagate immediately under tensile 
stress and so reflects the nature of the material during the 
cracking process.
Furthermore, as the transition takes place between the 
craze-formation crack-initiation process and the natural 
crack-propagation state, the surplus elastic energy that has 
been built up in the testpiece is suddenly released causing an 
explosive and, usually, total fracture of the testpiece. 
However, with care, this explosive cracking process can be 
arrested and the already-formed natural crack grown in a 
controlled manner through the remaining ligament.
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ui s c u s B i o n
Weiss & Yukawa (1965) also recognized the need to 
minimize the "initiation stage" in sharp crack fracture testing 
of steels in order to calculate the smallest critical 
stress-intensity factor for a particular steel. Sharp crack 
fracture mechanics was more successful in higher-strength steels 
than in lower-strength steels which were, presumably, more 
ductile. They reported, from Yukawa & McMullin (1961), that the 
SIF value was indeed "significantly lower for a fatigue-cracked 
specimen than for a small but finite root-radius specimen". 
Thus for a natural crack, induced by fatigue-cycling, the 
natural crack-tip radius has been formed for that material and 
the crack propagates in response to the appropriate critical 
stress.
In his investigations on whether glassy polymers complied 
with the Griffith equation for crack propagation (see 
Equations 3.1 and 3.2), Berry (1961 & 1964) took particular care 
to introduce cracks which were like those which would occur 
naturally. This he did by first making a fine sawcut in one 
edge of the strip of polymer and then driving a wedge into the 
sawcut until a natural crack was produced that could be grown 
under control to a desired length. The strip of polymer was 
then cut in half to remove the edge with the sawcut and the 
origin of the crack, leaving the specimen with its natural 
well-formed crack ready for testing.
Freidman (1980) discussed various fracture-mechanics 
testpieces for glass pointing out that the three-point-bend test 
was popular because it required a small amount of material and 
had a simple test procedure. However, he warned that unless a 
sharp crack was initiated at the notch root, the measured value 
of SIF would be "strongly dependent on the notch geometry". Nor
-1 6 .2 .- I6discl-sth9
were these notch sharpness problems restricted to glass. Ellis, 
Hare & van Noort (1985) in a comparative study of 
fracture-mechanics tests on PMMA reported difficulty in 
introducing sharp natural cracks at the notch-tips of TPB 
testpieces and to the lack of such pre-test cracks they 
attributed, in part, their anomalously high values of 
stress-intensity factor and strain-energy release rate. These 
observations are relevant to the TPB tests carried out on PES 
and PC in this project where only a notch was cut before testing 
and which actually had a blunter notch-tip than the tip of the 
cutter used.
A further complication exists because of misconceptions 
about the speed at which these tests should be carried out on 
glassy polymers like PES to cause a brittle fracture. This has 
led to the tests being carried out at needlessly fast straining 
rates produced by correspondingly fast displacement rates. Such 
speeds only serve to make it impossible to monitor crack growth 
visually and thereby greatly reduce the information that can be 
gained from one test sequence.
When specimens of PES have a sharp natural crack and the 
crack is propagated under control, slowly, a large number of 
measurements can be taken as the crack extends. Both the 
critical stress-intensity factor and strain-energy release rate 
can be calculated independently from these measurements of the 
same fracture process in one test sequence. Furthermore, when 
this was done for the disc tests in this project the modulus 
derived from these independent fracture-mechanics values agreed 
well with directly measured values of Young’s modulus, thus 
confirming the elastic integrity of the test. The calculated 
value for the plastic zone size also agrees well with the length
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of the craze.
Thus, provided that the assumptions of the 
fracture-mechanics analysis are complied with experimentally, 
especially concerning the sharpness of the crack and the
accurate measurement of its length, the calculations generate
fracture-mechanics values, and hence modulus, consistent with
the elastic behaviour demanded by the theory of linear elastic 
fracture mechanics.
16.1. Failure of One-Shot SEN-Bar Fracture-Mechanics Tests
All the SEN bars of PES 300P and PC for this project
were broken at the notch, instantaneously, without any attempt 
to grow a natural pre-test crack from the notch-tip. Hence, all 
of these tests make measurements of the crack-initiation
(crack-formation) phase and as such are not valid or reliable
measures of critical stress-intensity factor and strain-energy
release rate which must be measured on a sharp propagating
crack. Further systematic errors have been caused by: 
undermeasurement of the notch-depth by the use of a 
notch-probing measurement technique; bending and slippage across 
the supporting span in the three-point-bend test; the failure of 
SEN bars to break through the notch-tip due to induced 
toughening effects of the notching process; and misapplication 
of analytically-determined finite-specimen geometry factors,
particularly of factors for centreline pin-loaded (pin-Jointed) 
SEN-bar tensile tests to SEN-bars gripped at their ends and 
subjected to a tensile test.
From the outset, preparation and measurement of SEN bars 
have been kept as simple and as routine as possible by XCX to 
speed processing of the tests and the data.^ Unfortunately, this
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approach combined with the need to work on thin section 
mouldings, and thereby very small fracture-mechanics widths, has 
produced unacceptable systematic errors and induced notch-tip 
toughening effects. Computational analysis does not rectify or 
compensate for these faulty measurements of the crack-length or 
the notch-tip toughening.
None the less, the insights gained into the analysis by 
break-force to fracture-mechanics-quantity plots for SEN-bars 
have proved invaluable for interpreting the round-compact 
whole-disc tests. For SEN bars, these plots aggregated data 
from one-shot initiation-phase tests: details of the notch-tip 
incorporated in FMQ were plotted against the force required to 
initiate the crack, which was larger than that needed to 
propagate the sharp natural crack. For each notch-tip the crack 
initiation conditions were similar because the same sharp cutter 
was used to cut the notch in each bar. However, the depth of 
notch was varied from bar to bar.
The value for the stress-intensity factor calculated 
using linear regression analysis from this data was particular 
to crack-initiation from this kind of notch-cut with its induced
notch-tip zone. It is, therefore, not surprising to find that a
plot of this data falls on a straight line, often with a high 
%-flt (see Chapter 5)# or that the gradient of the line for TPB 
has a value greater than that for the critical Mode-I SIF (a 
unique value for the material obtained during
crack-propagation).
An indication of the distortion brought about by the 
measurements made during the crack-initiation phase and their 
aggregation can be seen in the wide-ranging nature of the 95 %
deviations, S9 5 # which can amount to between 5 and 47 % of the
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values of their initiation stress-intensity factors (Chapters 7. 
8 & 9).
In addition, significant intercepts of the plots for 
similar SEN-bar tests occurred more often than by chance. In 
TPB tests of injection-moulded PES the intercept was 
significantly different from the origin in 43 % of the sets, 
almost 9 times more frequent than the inherent random assumption 
of 5 %• Furthermore, in the tensile tests this intercept was 
always substantially significantly different from zero. These 
results contradict the assumptions of linear fracture mechanics 
for the break force to FMQ plots which require a plot passing 
through the origin. Hence, the crack-initiation process has a 
significant systematic effect on these SEN-bar tests.
An important indicator in assessing the validity of these 
SEN-bar tests for both PES and PC can be seen in their derived 
modulus values. None of them have a mean value which falls 
within the range of directly measured Young’s modulus and only 
in a very few instances does the predicted 95 % confidence range 
for the derived modulus overlap the range of Young’s modulus. 
If the results were only affected by randomness the derived 
modulus mean-values should fall within the Young’s modulus range 
with their 95 % deviations on both sides to give the range. 
This is not the case so the systematic effects must be 
responsible.
16.1.1. Effect of systematic undermeasurement of notch length
An important insight into the effect of systematic errors 
for probed notch-length measurements on the resulting value of 
stress-intensity factor has been obtained on TPB tested SEN-bars 
of PES which seems to explain similar effects in TPB tests on
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cement SEN-bars.
Undermeasurement of crack-length, a, by notch-probing 
leads to values of stress-intensity factor which appear to 
increase with increasing fracture-mechanics width. However, 
when the notch-length was measured more accurately with a 
travelling microscope directly from the fracture surfaces, the 
stress-intensity factors were found to be constant across all 
the fracture-mechanics widths (see Chapter 11).
For cement SEN-bars in TPB tests, Higgins & Bailey (1976) 
reported increasing values of stress-intensity factor 
corresponding to the increasing fracture-mechanics width of 
their SEN-bars. These tests were made on bars with a narrow 
slit, at least 300 jim wide, cut into each bar and this was 
assumed to be as good as a sharp crack. The nature and progress 
of the crack were not reported.
Accurate measurement of the crack-length is a major 
problem in these kinds of fracture-mechanics test especially 
because the progress of a crack cannot be viewed except at the 
surfaces where the crack emerges. An idea of the difficulty can 
be Judged from work of Go & Swartz (1983) for TPB tests on 
concrete and although not exactly the same as cement the 
difficulties in monitoring the location and shape of the crack 
are similar.
Go & Swartz used two methods to estimate the crack
length. In one method they used a dye to penetrate the pre-test 
crack. After the test the area of the dyed fracture surface was 
measured with a planimeter and divided by the breadth to arrive 
at an estimate of the crack-length. It should be noted that the 
dyed area seldom showed a plane front to the crack but rather
ones that had grown further forward at the surface edges. The
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other method depended upon using a compliance curve calibrated 
by specimens of known crack depths. Thus, during TPB testing 
the compliance of the test specimen could be measured and used 
to read off the corresponding relative crack length.
Higgins & Bailey did not report similar work in an effort 
to confirm the measurements of initial crack-length they had 
adopted. Hence, it seems likely that their method
underestimated the true crack-lengths leading to the increasing 
values of SIF with fracture-mechanics width that they reported.
16.1.2. Overestimation of breaking stress due to long TPB span
A large, 70 mm, span was used in PES TPB tests and this 
produced span to width ratios, s/w, which did not exactly match 
those stated for the Y-factor expressions of Brown & Srawley. 
However, since these were the only Y-factor expressions 
available at the time the expression with the closest s/w was 
chosen and the effect of this decision was estimated to 
introduce at most a 4 % error.
A further effect due to the storage of elastic energy in 
the full length of the bar bent over such a large span has been 
identified by Kendall (1984) which indicates that the bending 
strength (stress) could be overestimated by as much as 56 % in 
the worst case. His computations and experiments were related 
to PMMA beams. Moreover, since the bending strength analysis 
for the TPB tests of PES is the same as that criticized, 
overestimation of the bending strength and consequently the SIF 
is also to be expected at about 12 %.
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16.2. Success of Crack-Growth Round-Compact Whole-Disc Tests
From the development of the PES 300P injection-moulded 
disc as a round-compact testpiece, the crack grown from a 
chevron-notch was found to be capable of controlled propagation 
and had a stable crack path across the diameter of the disc. The 
fracture surfaces were smooth and presented a square section to 
the body of the disc apart from a very small amount of local 
surface yielding which occurred in some discs as the crack 
emerged on the surfaces across the breadth of the disc.
None of the blade-initiated discs produced cracks that 
were grown in this way. The razor cut did not produce a single, 
plane propagating crack but, instead, produced rapid cracking 
and very rough fracture surfaces both of which showed that the 
cut had not established a controllable crack. The measurements 
taken from these one-shot tests gave fracture mechanics values 
that were much higher even than the SEN bar tests. The tip of 
the razor cut must, therefore, have yielded producing a bundle 
of crazes which propagated as a bundle of cracks whose 
interaction accounts for the rough, splintered fracture 
surfaces.
Explanation of rough fracture-surface features seems to 
have two sources: cracking from multiple crazes and the effect
on the crack-front of perturbations to the tensile-stress axis. 
Doyle (1975 & 1983) published photographs of craze bundles in PS 
and PMMA and described their role in the formation of rough 
striations or bands on the fracture surfaces. A bundle of 
crazes formed where the crack-tip was not preceded by a 
well-formed craze and an excess of energy was available. Energy 
would be dissipated in craze formation until one or more of the 
crazes formed cracks which would propagate.
Preston (1931) made observations on the effect of 
disturbing the axis of tensile stress applied to a cleavage 
crack in glass. He found that when the axis was slightly 
disturbed the main crack-front was seen to split up into many 
minor crack-fronts growing at right-angles to the new tensile 
stress. He reasoned that a sequence of such perturbations to 
the tensile stress axis would explain more complex 
fracture-surface features like ribs, hackles and stries. Atsuta 
& Turner (1982) found his explanation was also plausible for the 
fracture-surface features of their highly crosslinked polymers 
for which they proposed additional local plastic deformation to 
account for cylindrical features.
For the splintered, rough fracture-surfaces produced in 
these PES experiments, the causes would appear to be a 
combination of craze bundles at the cut or notch-tip, together 
with tensile-stress axis perturbation and rapid energetic 
fracturing conditions.
Stanley blade initiated discs were an improvement upon 
the razor cut because the Stanley blade was driven into the disc 
to produce a natural crack from which the test was made. In the 
test sequence the crack grew less rapidly and more controllably. 
The fracture surfaces were noticeably smooth and glassy. These 
surfaces formed a square section with the body of the disc. 
Thus, this technique using a Stanley blade caused single plane 
cracks to be grown. Futhermore, multiple measurements from each 
test sequence were made. The fracture-mechanics values were the 
result of aggregating a number of similar sequences and this was 
reflected in the large scatter for the overall 
fracture-mechanics values. The average value of derived modulus 
at room temperature was closest to the range of directly
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measured Young’s modulus values but the scatter was so large 
that even a negative derived modulus was probable.
The large scatter was thought to be due to the effect of 
aggregating similar test-sequence data and the extra 
crack-formation work associated with the initial test sequence 
measurement. In this regard the chevron-notch test sequences 
were particularly revealing because these similar test sequences 
were not aggregated. Thus, disc-to-disc variations were exposed 
and points containing crack-formation work, of the 
crack-initiation phase (CIP), were identified and their effects 
on the SIF assessed using linear regression analysis.
Including CIP data for unannealed discs increased a 
disc’s SIF value, usually significantly, and often broadened its 
scatter. Also, in the plots, their intercepts became further 
displaced from the origin.
However, without these CIP points both the gradients 
(SIFs) and intercepts improved. The %-fits increased and the 
gradients were reduced so that the SIF values were closer when 
the individual discs were compared. Moreover, the associated 
SIF scatter was smaller. The intercepts were also closer to the 
origin with smaller scatter.
Only in the case of the annealed disc were the results of 
including and excluding CIP data different: the SIFs seemed to 
be unaffected by the CIP data —  no significant changes were 
seen. Consideration of the geometrical stability inequality 
also showed that there was a difference between the annealed and 
unannealed discs during the propagation of sharp natural cracks. 
Certainly, propagation in the annealed disc was easier to 
control which suggests that remaining residual stresses in the 
unannealed discs tended to complicate the crack propagation
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process. It should be noted that the geometrical stability 
inequality did not take account of residual stresses.
16.2.1. Agreement between derived and Young’s modulus values
What is remarkable about the derived modulus results from 
the controlled crack-growth alone in Figure 14.5 is how close 
the sample means are for each of the discs at around 3 GPa. 
However, disc CH14 does have an individual value closer to 4 GPa 
which probably represents a difference present in that disc. 
There is no significant difference in derived modulus between 
the unannealed discs.
Published values of Young’s modulus from Chapter 10 range 
from 2.5 to 3.4 GPa into which all the derived moduli fall 
except for that of disc CH14 but even its range overlaps. Thus 
there is very good evidence for the derived modulus being a 
plane-stress modulus and therefore a measure of Young’s modulus. 
The most convincing evidence that this most likely to be so is 
seen from the value of the annealed disc CHAN(2)-2. Its 
sample mean is 2.73 GPa that is also the value deduced from 
isochronous stress-strain curves for load dwell times of 100 s 
which is the nearest dwell time that could correspond to the 
pulling speed of 0.5 JJm s-1 used for CHAN(2)-2.
It is suspected that derived modulus values of unannealed 
discs are higher and have greater scatter because of the effects 
of residual stresses. The range of plane-strain modulus is from 
3.0 to 4.1 GPa and there is overlap between the two ranges but 
because the annealed disc does not fall in this range (so far) 
it is safe to assume that the derived modulus represents a plane 
stress modulus. However, they are all indicating linear elastic 
conditions and therefore derived modulus is an effective
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indicator of elasticity.
16.2.1.1. Uncertainty about plane stress or strain conditions
Mode-I fracture-mechanics tests have been assumed to be a 
mixture of plane-stress (at the edges) and plane-strain (in the 
constrained body) within the testpiece. With the fractions of 
the mixture becoming more plane-strain with increasing breadth 
but with the edges always in plane-stress.
The effects of these two conditions would be expected to 
show in the fracture surfaces. There should be signs of shear 
lips developing along the fracture-surface into a slant fracture 
as described by Knott (1973). Correspondingly "pop-in" might be 
expected to show on the force-displacement record. The 6.1 mm 
disc show none of these effects. Indeed, the fractures are 
square in section and have smooth features. Furthermore, a 
variable amount of yielding occurs at the side surfaces of the 
testpieces. The only indication of the change between 
body-constrained and unconstrained edge stress conditions was 
revealed by the curved crack-fronts observed during cracking.
There are no clear answers from this study about the 
effects of plane-stress and plane-strain conditions. Hence, the 
variation of the fracture-mechanics values with breadth, b, 
needs to be investiged by experiments on discs with a wide range 
of breadths.
16.2.2. Similar values of plastic zone size and length of craze 
The value of plastic zone size predicted in Chapter 15 
was 72 ± 7 pm on unannealed PES. Hine found that in unannealed 
PES the craze length was 43.5 ± 2 pm but in annealed PES was 
72 pm. Without knowing what difference, if any, annealing the
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PES would make on the plastic zone size it would appear that 
when a valid fracture-mechanics test sequence has been made the 
plastic zone size predicted from the stress-intensity factor 
should be greater than or equal to the observed craze length.
16.2.3. Rapid and quasistatic crack-growth fracture surfaces
Already a rough brittle surface with splintering 
indicates that a test has been badly performed because cracking 
has occurred from a bundle of competing cracks. Such fractures 
are fast as propagation of the well-formed cracks occurs.
Rapid fracturing can also happen when one crack 
propagates as the craze forms and starts to be broken. If a lot 
of energy has been allowed to build up in the specimen as 
elastic energy during craze formation this will be released 
suddenly as the crack starts to grow. The faster the crack 
grows the more energy is dissipated in other forms including 
local heating of the immediate around the crack.
Fuller, Fox & Field (1975) and Doll (1973) have observed
very large temperature rises around cracks in PS and PMMA where 
a very fast crack has passed and the temperature rises would be 
enough to cause the polymer to melt locally. Such an effect 
would cause molecules within a fracture surface to be withdrawn 
back into a random molten layer which would cool to a glassy 
appearance. This is how the glassy fracture surfaces of disc 
VCH4 (Figure i3 .ll) can be explained.
When crack-growth is controlled the surface has a fine 
texture shown between the last 30 and 20 mm of the fracture 
surfaces for disc CH15 (Figure 13.11). Such a surface texture 
would be consistent with ideas about how crazes are broken and
grow (Kinloch & Young, 1983). Hence, for the controlled
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crack-growth test sequence to have progressed well the fracture 
surface should be smooth with fine features but glassy smooth 
surfaces would indicate too fast a test.
16.3. Controlled Crack-Growth Fracture Mechanics Tests
Conditions for a successful crack-growth test sequence 
would be that: the crack-growth is slow enough to permit many 
measurements as the crack progresses; the resulting derived 
modulus has the same value as the Young’s modulus; the plastic 
zone size is greater than or equal to the length of craze; and 
the fractures have square sections with surfaces that are flat, 
smooth and have fine features.
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17. CONCLUSIONS AND RECOMMENDATIONS
This study has examined non-standard thin-section 
injection-moulded PES. Three-point-bend and tensile tests of
single-edge-notched bars of PES made under explosive conditions 
produce values of critical Mode-I stress-intensity factor and 
strain-energy release rate which are unreliable. The reason is 
that a notch has been used instead of a sharp propagating crack; 
moreover, the method of notch-depth measurement seriously
undermeasures its depth. Furthermore, comparison of the derived 
modulus with the independently and directly measured Young's 
modulus shows that the derived modulus is significantly smaller 
indicating that the fracture mechanics values are not accurate. 
It is concluded that these values were larger than they should 
have been -- a worrying trend because, in design, the 
stress-intensity factor would be used to calculate the worst 
conditions a component ought to withstand.
The whole disc test, under controlled crack-growth, 
proved to be the most effective test sequence. This is because 
it generated fracture mechanics values (both k jc and G ic^
which, although smaller than in three-point-bend and tensile 
tests, could be independently verified through their derived 
modulus. The derived moduli from these test sequences were 
within the range of Young's modulus for PES cited in the 
literature. Particularly good modulus agreement was obtained 
when a disc had been annealed before the test.
Further evidence of the validity of this steady 
crack-growth method was found by comparing the plastic zone size
predicted from the critical stress-intensity factor and yield
stress value of this study with the directly measured craze 
lengths of Hine. The plastic zone size and craze length were in
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remarkably good agreement especially when annealed PES was 
considered.
The fracture surfaces from tests which occurred 
explosively were found to be rough and splintered indicating 
that the fractures had not started from a single well-formed 
propagatable crack; instead they had emerged suddenly from a 
bundle of crazes which grew into competing cracks causing the 
roughness and splintering seen on the macroscopically brittle 
surface. Only where the crack was grown slowly under controlled 
conditions were the square section breaks with smooth fracture 
surfaces produced. It should be noted that "smooth" under these 
conditions does not necessarily mean glassy smooth but includes 
fine undulating features.
Where explosive or sudden fracturing was observed 
initially for the whole disc tests, the data from this instant 
of fracturing was shown to be significantly different from the 
data produced during steady controlled fracturing in unannealed 
specimens. Where an annealing treatment had been given, the 
initial fractures were found to be indistinguishable from the 
steady controlled fracturing in the rest of the disc. Hence, 
annealing specimens of inJection-moulded PES improves . the 
condition of the disc for fracture tests, at least because 
inherent residual stresses are relieved.
It is therefore concluded that for valid tests to be made 
on thin sections of PES a steady controlled crack-growth must be 
produced on which a progression of measurements can be made so 
that critical stress-intensity factor and strain-energy release 
rate (by Gurney sector method) can be calculated. Annealing the 
specimen aids this process. The fracture itself should display 
macroscopic brittle properties: it should be square and
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TABLE 17.1. Summary of Properties for Injection-Moulded PES.
Values resulting from investigations made in this study.
Physical Property Value
Critical Mode-I:
Stress-Intensity Factor, KjC
unannealed
annealed
1.81 ± 0.13 
1.74 ± 0.04
MN m ~ 3/2 
MN m“3/2
Strain-Energy Release Rate, GjC
unannealed
annealed
(Chapter 14)
1.16 ± 0.56 
1.12 ± 0.14
kJ m“2 
kJ m-2
Yield Stress, Oy 
unannealed 85*1 ± 4.8 MPa
Plastic Zone Size, ry
unannealed
(Chapter 15)
72 ± 7 p m
Longitudinal Velocity, vL 
unannealed 2 286 ± 71 m s-1
Shear Velocity, vg 
unannealed 918 ± 2 m s A
Poisson's Ratio, v 
unannealed 0.404 ± 0.025
Young’s Modulus, E 
unannealed 
(Chapter 2)
3.24 ± 0.28 GPa
All these measurements were made at room temperature c. 20 °C.
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macroscopically smooth. The derived modulus should fall within 
the range of independently measured Young’s modulus for PES. 
The extent of the observed yielding at the crack-tip should also 
fall within the range of the predicted plastic zone size.
This study has wider implications it is not restricted to 
disc specimens or PES. In principle, unorthodox thin sections 
of material can produce valid fracture-mechanics values provided 
that accurate measurements are made on a steadily growing crack 
and the modulus derived from the resulting Mode-I
stress-intensity factor and strain-energy release rate falls 
within the range of the independently and directly measured 
Young’s modulus.
Table 17.1 summarizes the values of the quantites
measured in this study.
Recommendations:
1. Injection-moulded specimens be annealed before
testing in compact tests to ensure that complications due to 
residual stresses are minimized.
2. A study be made of the effects on fracture toughness 
for crack-growth along diameters at different angles to the gate 
diameter for discs of annealed PES. Then it should be possible 
to decide if orientation of the PES within the moulding has any 
measurable contribution. The same principle could be applied to 
other polymers.
3. A feedback monitor and control be developed to
control the speed and direction of the crosshead screw-drive of
the Instron testing machine so that the drop in load associated
the initial crack formation can be sensed and unloaded to
prevent uncontrolled fracturing of a disc testpiece.
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4. The whole disc test be repeated for a wide range of 
breadths to establish the variation of KjC and GjC with 
breadth. From such a study on PES it should be possible to 
decide the relative effects of plane-stress and plane-strain 
conditions.
5. Fatigue crack growth test be added to the suite of 
tests using the injection-moulded disc testpiece as a round 
compact specimen. James & Mills (1981) have already made a 
favourable evaluation of this specimen configuration for
fatigue.
6. The international standards be extended to include 
controlled crack-growth fracture-mechanics test-sequences
generating quasistatic values for the corresponding 
stress-intensity factor and strain-energy release rate. By 
comparison of the derived modulus with the directly measured
Young’s modulus, and by observation of the size of actual 
plastic zones, the validity of the assumption of linear 
elasticity could be assessed. This approach would be of
particular use where only thin sections of material were
available.
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APPENDICES
Al. Listing of BBC BASIC program for linear regression of TPB 
data from file.
A2. Drawings of parts for combined jig and fixture for cutting 
whole discs for round compact tests:
A2. 1. Base of drilling jig and milling fixture (3-D)
A2. 2. Dimensioned drawing of base of jig and fixture
A2. 3. Upper plate for drilling jig (3-D)
A2. H. Dimensioned drawing of upper plate for jig
A2. 5. Clamp ring
A2. 6. Location pin and clamp
Dimensions are given in mm unless otherwise stated.
A3. Reduced drawings of chuck pin and pulling rod
All. Listings of PET BASIC programs for calculating and
GjC for whole disc tests:
Ah-.l. Program for KjC
Ak.Z. Program for GjC
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INSTRON 100kN CHUCK PINS
Scale: two to one. Dimensions: in millimetres. Material: Stainless steel rod, bright
finish, specified to ISO type321 
[BS EN58B ]. Preferred 
diameter= 0-500 inch.
-92-+01
10-5+011
-67- ±0-1
10-5+0-1
CD
Curved bearing surface to be given a fine ground finish.
End pieces to be diamond knurled
Surface finish: As shown. Remove all burrs and sharp edges.
Number required: -fou-r off
364 mm of specified material supplied.
RICHARD D. WHITEHEAD 30AC21 POLYMER ESS PHYSICS U0SY 
82/2/25
mod 2+1 *1*
EXTENSION RODS FOR INSTRON ENVIR0MENTAL CHAMBER IN FRACTURE TOUGHNESS MEASUREMENTS ( KjC ) TO 
BS 5447:1977 AND E 399-78 ASTM.
Scale: one to two.
JZu
c
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CM
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E
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Dimensions: in millimetres unless otherwise stated. Dimensions are based on
measurements of existing components which are available for comparison. 
Material: Stainless steel rod, bright finish, specified to ISO type 321 [BS EN58B].
Preferred diameter =1-250 inch.
0 = 12 -79 +0-013,-o-ozQ
15-67+0-1: (0-617+0-005 inch) 36-+ 0-1 mm 16+0-1 mm
J2 cv 
o  9  
d> o /Oi.O
! 0 = 12-79 + 0-013,-0-026 mm 
j ( 0-503 5 + 0-000 5, -0-001 inch )
0=12-79 + O-O13mm, 
(0-503 5 + 0-0005inch:
-0*026 mm 
-0-001 inch)
370- + 0-1 mm
Surface finish: Remove all burrs and sharp edges. Highly polish curved surface of each rod Leave machined
faces smooth
Number required: two off.
32inch of specified material supplied. RICHARD D. WHITEHEAD 82/2/23
30AC21 POLYMER ESS PHYS U0SY 
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Abstract: Single-edge-gated injection moulded discs of PES have been subjected to 
three types of fracture mechanisms test. Two methods previously found to give con­
sistent results on other polymers, three-point bending and single-edge notch ten­
sion, gave K lc values which were questionable: the bend test results were functions 
of moulding depth, whilst tensile specimens showed evidence of yielding. Fracto- 
graphy indicated that the conditions of plane strain were not fulfilled during crack 
propagation in these specimens, the fracture surfaces being very rough and the 
crack fronts highly curved. Accordingly the ASTM compact disc test was adapted 
as a whole-mould test, since this is particularly suitable for investigating orientation 
effects and allows stable crack propagation. It can thus provide point-to-point 
values of K ic and Glc, and also evaluation during crack growth.
Orientation, temperature and speed effects on fracture toughness were found to 
be negligible for PES. The yield stress, o y, however, is temperature- and strain-rate- 
dependent, so that the value of ( KxJ o y)2 decreases markedly between 23°C and 
-  65°C. Compact disc test pieces with cracks initiated from a milled chevron notch 
gave smooth flat fracture surfaces without shear lips, but there appears to be a sig­
nificant difference between K lc and Glc values from stable and unstable cracking.
1 Introduction
One of the main difficulties in mechanical testing of 
polymers is the fact that the properties of the 
material depend on the details of specimen fabrica­
tion, so that the quality of commercial mouldings 
cannot be accurately assessed from the study of con­
ventional test pieces. It is therefore necessary to 
develop techniques of examining the behaviour of a 
range of mouldings modelling those produced under 
industrial conditions, a task which is increasingly 
urgent as plastic components replace metals in load- 
bearing situations. The work described here forms 
part of a study of one of the newer engineering 
polymers, polyethersulphone (PES), by the Polymer 
and Petrochemical Division of IC I PLC in collabora­
tion with the Physics Department of the University 
of Surrey. It  was initially decided to concentrate on a 
single type of moulding, the edge-gated disc, since 
this is a shape which incorporates a range of Theo­
logical conditions found in many moulded objects 
without being prohibitively difficult to make in PES, 
and is particularly suitable for the investigation of 
any effects due to local orientation. We began by 
using a previously accepted test, the three-point 
bend test of bars cut from the moulding and notched
fTo whom correspondence should be addressed.
through the thickness. Since this did not provide 
unambiguous results we turned to a more recently 
developed method, the compact disc, which can be 
applied to the whole moulding but which can 
provide a number of results from a single specimen. 
The approach throughout has been that of fracture 
mechanics, with the aim of characterizing the tough­
ness of moulded PES.
2 Experimental methods
2.1 Specimens
The mouldings were 114 mm-diameter discs filled 
from a single-edge gate with ‘Victrex’ 4800G  grade 
unfilled PES. In  the first part of the work these were 
cut into four parallel rectangular bars 85 mm x 12-5 
mm with orientations either at 0° or 90° to the 
diameter from the gate (Fig. 1). M ould thicknesses 
ranged from 2*4 to 6-3 mm. Specimens were also cut 
from a single compression moulded slab 17-5 mm  
thick. In  the second part the entire moulding was 
used for the compact disc specimen.
2.2 Notched bar testing
Individual bars were notched to various depths 
across the middle using a horizontal mill fitted with a
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Fig. 1 Orientation of bars cut from disc moulding relative to 
gate position.
V-shaped notching tool with an angle of 45°. The  
radius of the notch produced by this procedure was 
approximately 10 jum. The notches were made 
either parallel or normal to the disc surface, i.e. on 
either the narrow or the wide face of the bar. These 
two modes are denoted respectively the ‘A X ’ and the 
‘IN T O ’ mode.
These specimens were broken in flexure using a 
70 mm support span in the cross-head speed range 
0*5-100 mm m in-1 on an Instron testing machine. 
(A  few tests of 1 m s_1 were performed on a specially 
designed impact tester coupled to a microcomputer). 
The results of these tests were subjected to a fracture 
mechanics analysis following that of Brown and 
Strawley1 for K lc (plane strain critical stress intensity 
factor) and Plati and Williams2 for G lc (plane strain 
critical strain energy release rate). In  this analysis we 
adhered to the usual fracture mechanics convention 
that the specimen dimension in which the crack 
travels is denoted by w and the dimension normal to 
it by b. Thus in Figs 4 and 5 where K lc is plotted 
against w, the latter coincides with the depth of 
moulding only for the ‘IN T O ’ mode. For the A X ’ 
mode in Figs 4, 5 and 7, the b dimension coincides 
with moulding depth.
Individual tests furnished plots of break force and 
energy to fracture. These were entered into a data­
bank computer together with corresponding values 
of b, w, notch depth a and span width in bend test s. 
From this information plots of force versus the 
fracture mechanics quantity
2 bw 2a~ '12
3 sY
and of energy versus bw<j>, (where Y and <f> are geo­
metrical factors in fracture mechanics test) were 
constructed by the computer.
2.3 Single-edge-notched (SEN) tension test
For comparison with the bend tests, a series of 
experiments was undertaken on fracture of notched
were made by notching the bars cut from discs on 
one edge: these were then broken in tension using 
the Instron. The peripheral computer generated 
plots of force against bwa ~1/2 Y~1 (where Y is again 
a geometrical factor) from which values of K lc were 
derived.1
2.4 Compact disc test
For reasons discussed below it was considered 
advisable to develop a test in which the crack pro­
pagated across the whole width of the moulding, and 
a natural candidate was the compact disc test 
proposed by the A S T M  for the determination of 
fracture toughness for certain metal objects such as 
extruded cylindrical bars.3,4 The specimen is edge- 
notched along a diameter and pin-loaded as shown 
in Fig. 2, from which it is seen that it bears a strong 
resemblance to the standard rectangular compact 
tension fracture mechanics test piece. It has been 
analyzed theoretically by a number of authors, and 
has also been used to determine stress-intensity 
factors and crack-opening displacements by a boun- 
dary-collocation stress analysis 4 In  addition it may, 
like the compact tension specimen, be used to deter-
pin
W
pin
Fig. 2 Configuration of compact disc test-piece.
mine directly the specific work of fracture by the 
sector method5-7 during controlled stable propaga­
tion of the crack in loading and unloading cycles.
The disc test in general requires a minimum thick­
ness in excess of that laid down by fracture mech­
anics specifications, because of the need to avoid 
elastic buckling. As in all fracture mechanics work, 
results may depend critically on the method of 
starting a crack, and considerable attention was paid 
to this aspect of the experiments. Three methods 
were tried. In  the first, a vertical milling cutter was 
used to make an initial notch, at the base of which a
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notch. The second method resembled the first in that 
pre-notching was followed by blade initiation, but 
the notch was made by drilling a 4 mm hole at 57 
mm along the diameter and using a band saw to cut 
the notch from the disc edge to this hole. The starter 
crack was then introduced by placing the notch on a 
vice-mounted Stanley knife blade and driving the 
notch into it by striking the disc with a light rubber­
headed hammer.
The third initiation technique avoided the in­
herent variability associated with the use of a blade, 
and although it involved more time and care was 
eventually adopted as standard for the compact disc 
test. The notch in this case possessed the chevron 
shape used in many fracture mechanics tests on
SIDE VIEW  
OF NOTCH 
IN DISC —
A -
SECTION VIEW  AA
cut surface
7 ^ —
_L
b
Fig. 3 Details of chevron notch. Cut into discs using a slitting 
saw with a pointed V  profile ground into each tooth of this 
circular saw. The included angle was 45°.
metals, and which has been successfully employed in 
compact tension tests on poly(methylmethacrylate), 
P M M A .6’7 This shape, indicated in Fig. 3, promotes 
crack initiation at a single point (the chevron tip) by 
a suitable pre-test loading schedule: in metals this 
usually involves fatigue, but with PES it was found 
that fracture nucleation could be made to occur 
during careful slow monotonic strain under manual 
control. Once this had been achieved the crack was 
grown in a controlled way along the chevron until 
the crack front occupied the whole width of the disc, 
at which stage testing for K lc and G lc could begin. 
Two types of experiment were undertaken:
(i) increasing the load at a given value of a/w  
(where a again denotes crack length) until the 
disc broke;
(ii) straining slowly so as to grow the crack in a 
stable manner at a speed measured by timing 
the observed passage of the crack front.
±11 u u i v / i  t a d t  lc  a n u . m <xy u t  i± v^ tv /iiim iv /v i u u m
Newman’s formula:4
K lc = —  H LM N m ~312 (1)
where
H =
2 + R
(1-7?)3 /2
a f  _i
R = — > and P = — Nm  
w b
L =  0-76 +  4 -8R - 11-58 R 2 + 1  l-43i?3 -  4-08A4 
/ =  force
G lc may be calculated independently by increasing 
the crack area by a given increment AA  during a 
loading-unloading cycle and determining the as­
sociated work A W  from the area enclosed by the 
load-displacement curve:
Gic —
A W
AA
The chevron notches were made from the disc 
edges, with the aid of a specially designed slitting 
saw, along three directions with respect to the 
diameter from the gate, namely 0°, 45° and 90°. In  
general cracks grew from these notches along the 
indicated direction without the need for guide slots.
3 Results
3.1 Three-point bend
A  typical set of results for a single mould thickness is 
set out in Table 1. From this is appears that there is 
little if any significant effect of bar orientation or 
cross-head speed on the values of K lc or G lc. From  
the K lc values of the ‘ductility factor’,
' k A 2
, °y I
and the nominal radius of the plastic zone at the 
crack tip,
2 71
K lc
(7V
we note that this radius is consistently about 0*04 of 
the bar thickness. The measurements of yield 
strength are discussed in the Appendix to this paper.
A  second series of experiments, however, in­
dicated that the values of K lc or G lc provided by this 
type of test must be regarded with some reserve. 
Figure 4, summarizing all the values available, shows 
that the critical stress-intensity factor is a strong 
function of the moulding depth (w), rising from  
about 2 M N m ~ 3/2 at 1-87 mm to roughly 3 
M N m “ 3/2 at 13*5 mm.
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Cross-head speed 
(m s-1)
Bar
orientation
(deg.)
*1c
(MN m -3/2)
Gic
(kJm -2)
(^Ic/Oy)
(mm)
Nominal 
plastic 
zone radius 
(mm)
Bar
depth
(mm)
1-0 0 2-4 ±0-3 3-510-4 0-73 0-116 3-37
1-667 X 10-3 (100 m m m in-1) 0 2-510-1 3-010-3 0-8 0-127 3-37
83-3x 10-5 (5 mm min-1) 0 2-510-2 2-810-2 0-82 0-131 3-37
8-33X 10 -6 (0-5 m m m in-1) 0 2-710-1 3-110-1 0-93 0-148 3-38
1-667 x 10-3 45 2-710-1 3-610-2 0-94 0*15 3-4
1-0 90 2-210-2 3-310-3 0-6 0-097 3-39
1-667 X 10-3 90 2-610-1 3-310-1 0-89 0-141 3-39
83-3 X 10 -5 90 2-610-2 2-810-3 0-86 0-136 3-39
Orientation of bars is defined by the angle from the diameter through the gate to the length of the bar. Notch depths 
ranged from 430 //m  to 1730 jum, and each bar was fractured in three-point bending on a 70 mm support span. Yield stress 
ay =  88-5 MN m -2.
Quoted errors are 95% confidence limits on population means.
X10'
30
Ie
z5 t INTO mode A X  mode
o
(in to  thickness) (across dia.)o
20u(O ▼ ▼
85 m min
c0)
c
I
tn  
in 0)
V)  a.
302515 20100 5
Thickness w /m m
Fig. 4 Three-point bend K lc variation with specimen thickness w for PES 4800G injection moulded discs: INTO and A X modes as
indicated.
In  order to separate possible processing variables 
from this trend, further measurements of the same 
kind were made on bars cut from a compression 
moulded slab of the same material, the results of 
which are displayed in Fig. 5. This confirms the 
marked upward trend of K lc in the thickness range 
0 -1 0  mm, and that at higher thicknesses K lc attains 
a steady value of about 2-7 M N m -3/2. The data, 
although fewer in number than those in Fig. 4, also 
suggest that the variability of K lc is less for compres­
sion mouldings compared with injection mouldings.
Further grounds for disquiet concerning the 
three-point notched bend test on PES were dis­
covered during examination of the fracture surfaces, 
as illustrated by Fig. 6. Two characteristics in part­
icular are noteworthy. First, the fracture usually 
initiates at a single point at the tip of the machined 
notch, from which it radiates with a curved front 
very different from that corresponding to plane 
strain. Second, the fracture surface is quite rough, 
with a number of worm-like features standing proud 
of the surface: closer study revealed that these are 
rod- or splinter-like and are sometimes partially 
detached from the surface and rolled up, leaving a 
corresponding trough on the surface. We interpret 
these as evidence of plastic deformation (see below).
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Fig. 5 Three-point bend K ]c variation with specimen thickness w for bars cut from PES 4800G  com pression moulded slab.
Fig. 6 Matching pair of fracture surfaces on three point notched bend specimens. Note worm-like features (in light contrast) standing
proud of the surfaces.
3.2 Fracture o f notched bars in tension
A series of K lc measurements was attempted on 
single-edge-notched tensile test-pieces. Most of 
these were cut from the disc mouldings and notched 
(using the same fly-cutting method as before) on one 
edge representing a section through the moulding, so 
that the notch drove a crack front normal to the 
moulding in directions either parallel or perpendi­
cular to the gate diameter. One set of measurements
was made on bars notched across the face so as to 
drive the crack through the disc thickness. No effect 
of notch position (in this sense) or bar orientation 
was found. A plot of K Xc from these experiments 
against moulding depth b is shown in Fig. 7: here no 
significant trend is apparent.
Once again associated observations suggested 
that the theoretical conditions of plane strain 
fracture mechanics were not fulfilled. The bars were 
not free to rotate during fracture under tension as
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Fig. 7 Single edge notched tension K ic variation with specimen width ( =  moulding depth) b for PES 4800G  injection moulded discs.
E rro r bars are 95% confidence limits for population means.
assumed in the Y factor used for centre-line pin 
loading analysis, and as a consequence of this be­
haviour, the plots of break force versus fracture 
mechanics quantity, from the slopes of which K lc 
was derived, frequently had a positive intercept on 
the force axis significantly different from zero, giving 
rise to some difficulty in interpretation. On these 
fracture surfaces too was found evidence of severe 
local plastic deformation during crack propagation 
similar to that noted on the bend specimens: Fig. 8 is 
of a typical matching pair of fracture surfaces, with 
worm-like features like those in Fig. 6. Here also 
crack initiation at a single point on the notch and 
marked curvature of the crack front appear. It seems 
unlikely, therefore, that the K lc values from this test, 
although apparently consistent and independent of 
thickness, are any more reliable than the notch bend 
test results.
3.3 Compact disc fracture testing
The ambiguous nature of the results from bend and 
tensile testing led to the use of the compact disc 
specimen described above. The initial experiments 
were made with cracks started by blades from slots 
machined in the first two ways described in Section 
2.4, i.e. with either plain slots with semicircular ends 
or with narrow cuts from the perimeter ending in 4 
mm-diameter holes. Finally, trials were made of 
specimens with chevron notches produced by the 
specially designed milling cutter.
Fig. 8 M atching pair of fracture surfaces on SEN tensile 
specimens. N ote worm-like features similar to those in Fig. 6.
All these specimens, of 6-3 mm thickness, were 
broken in monotonic loading, so that the crack 
became unstable and rapidly accelerated to com­
plete fracture. The K lc values are given in Table 2, 
and are seen to fall into two distinct groups cor­
responding to different methods of crack initiation.
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i duie £.. a1c vaiutjb lur compact uisc xesis using mo i ivi-ejua-o imo ana raewman s Tormuia. inicKness ot aisc = b\i mm
Starter 
crack m ethod
O rientation
(deg.)
Critical s tress-in tensity 
fac to r /Clc (MN m _3/2) 
(x ±  sx)
95% 
confidence 
range fo r 
popu lation mean
Tem perature
(°C)
Razor blade 0 4-24 +  0-61 ±0-76 21
90 4-26 ±0-61 ±0-76 21
Stanley blade 0 2-19 ±0-31 ±0-49 23-2
0 1-92 ±0-16 ±0-26 -3 5 -8
0 2-18 ±0-49 ±0-78 - 1 2 2
Chevron notch 0 2-28 ±0-22 ±0-19 21
x  =  sample mean.
sx =  sam ple standard devia tion.
The discs notched and cracked by the second 
method (i.e. with a narrow slot ending in a circular 
hole and a crack initiated by a Stanley knife) gave a 
mean of K lc at room temperature of 2-19 MN m~3/2, 
with a 95% confidence range of 0-49. This value was 
not significantly different from the mean for the 
chevron-notched discs of 2-28 M N m _3/2 with con­
fidence limits of 0T9. The Stanley knife blade 
initiated tests were also extended to lower tempera­
tures: the Table shows that there was no significant 
variation of critical stress intensity factor down to 
-72°C . All the specimens in this group fractured 
with a smooth, sometimes mirror-like, surface. The 
compact disc specimens prepared with a wide slot 
ending in a semicircular tip and cracked with a razor 
blade, however, produced considerably higher 
values than either of the other types: indeed, at 
4-25 ±0-76 M N m _3/2 they are higher than any 
results from three-point bend tests, and much more 
variable than those of the other disc tests. It was also 
noticeable that there was a marked difference in the 
fracture surfaces of these specimens, which were 
generally characterized by the same roughness and 
worm-like features observed on the bend and tensile 
test piece fractures. Figure 9 shows a matching pair 
of fracture surfaces for such a compact disc speci­
men, exhibiting also the initiation of fracture from a 
single point on the starter crack front.
Finally, the chevron-notched specimen results 
from measurements on stably propagated cracks are 
shown in Table 3. These represent a number of 
measurements made on two specimens, designated 
CH5 and CH6, each value being derived from a 
cycle on the record of force against displacement of 
the loading pins through the disc. Such a cycle is 
sketched in Fig. 10: the load is increased until the 
crack front begins to move at (a{), /„), and its position 
is subsequently monitored as a function of time so 
that crack speed can be calculated. Eventually the 
specimen is unloaded along the lower curve. K Xc is 
determined at each point from Newman’s formula,4 
whilst Glc was determined by drawing straight lines 
from the origin to points on the curve of known
Fig. 9 Matching pair of fracture surfaces on com pact disc 
specimen with semicircularly ended edge slot and starter crack 
made with a razor blade.
Table 3. Examples of K,c and G1c from direct measure­
ments of stably propagated cracks, using Newman's 
formula4 and Gurney and Hunt's sector method5
S pecim en8
Crack tip  ve loc ity  
(//m  s -1 )
*1c 
(MN m _3/2)
Gie 
(kJ m 2)
CH5 83 1-8 2-5
60 1-7 1-0
46 1-7 1-0
46 1-7 1-0
2 1-7 0-7
16 1-7 1-1
9 1-6 1-1
CH6 44 1-5 1-7
46 1-5 0-9
27 1-2 0-9
Estim ated errors ± 1 0-1 0-2
aC hevron-notched com pact disc specim ens.
PLASTICS AND RUBBER PROCESSING AND APPLICATIONS VOL. 8, NO. 2, 1987 121
zJ*il
V)
Ca0)
c
3
aw</>o A ls o  recorded : length
 ^ o f crack  ,m m
and tim e  to  reach  
\ | e n g t h ' ,  s — -?
oTOT5 TO O —J
0
0
Displacem ent of pulling pins 6 /m m
Fig. 10 Load-displacement diagram illustrating the calcula­
tion of crack speed and Glc during stable crack propagation.
crack position and measuring the area enclosed by 
successive lines. From these measurements of work 
done the value of G lc =  A W/AA  may be calculated 
if the relation between incremental area and succes­
sive crack positions is known. Here it was assumed 
that the crack front was straight and the crack 
surface plane, as observation confirmed that this 
assumption corresponded closely to the actual situa­
tion. The figures in Table 3 reveal that although 
there is considerable point-to-point variation in 
fracture toughness, with an apparent tendency to fall 
sharply after the initial loading cycle, the levels of 
K lc and G lc are all well below those obtained by all 
the other methods. The strain energy release rate 
figures are nevertheless comparable with those 
determined by Hine et a l8 for PES using the closely 
related compact tension test, although this remark is 
qualified by the fact that in those tests crack propa­
gation was accompanied by marked shear lip forma­
tion, a feature almost absent in our experiments.
A  study was made during the stable propagation 
experiments of the effects of crack speed on G lc. 
This showed that, within the fairly wide range of 
results from about 0*5 to 2-0 kJm -2 , no significant 
effect of this variable could be detected. In  this 
investigation it was noticed that the G lc values calcu­
lated from the razor-blade-initiated cracks were 
much higher than those from the other starter crack 
techniques, and these were discarded in considering 
the data.
4 Discussion
The outstanding aspects of the work described 
above are first, the wide range of fracture toughness 
values furnished by different tests, and second, the 
departure in certain widespread test methods from  
the theoretical conditions of plane strain crack pro­
pagation. These observations raise important ques­
tions as to tne interpretation or rracture mecnamcs 
tests on injection mouldings of moderately ductile 
material, especially in thin sections.
4.1 Notched bar fracture
4.1.1 Bend tests. Two valuable conclusions may 
first be drawn from examination of the K lc data on 
the three-point notched bar bend tests: that there is 
little variation either with orientation of crack direc­
tion or with test speed. These indicate that any 
ductile-brittle transitions in PES are due to the 
changes in the ductility factor (K jo y)2,9,10 via 
increases in cry as discussed in the Appendix. The  
absolute values of K lc are, however, clearly more 
open to doubt. Considering the upward trend in 
critical stress-intensity values with moulding thick­
ness, it is obvious that this is an artefact of the frac­
ture technique of the same kind noticed by Chan and 
Williams11 and Hashemi and Williams12 on a range 
of polymers including nylon, polyethylene, PP, 
P M M A , PVC and PA, using three-point bending and 
SEN tension with fractures initiated in the tougher 
materials other than P M M A  by fly cutter machined 
notches. These authors systematically studied the 
influence both of specimen width w parallel to the 
direction of propagation of the crack and specimen 
thickness b perpendicular to this direction. Since in 
our experiments the focus of interest is on specimens 
in which notches were machined perpendicular to 
the moulding surface and the moulding thickness 
was varied, our use of the term ‘thickness’ cor­
responds to Chan-Hashemi-Williams’ specimen 
width w.
These authors found a general increase in three- 
point bend K lc values with w, and ascribed it to the 
effect of gross yielding in the net section of the 
specimen at the notch prior to fracture with con­
sequent violation of geometry-independent fracture 
toughness. It  should here be remarked, however, that 
a similar effect has been reported by Higgins and 
Bailey13 for bend tests on cement, a material for 
which large plastic deformation is out of the 
question. Using a model of crack tip yielding due to 
Bilby, Cottrell and Swinden (BCS),14 they defined an 
apparent fracture toughness.
where a =  crack length; Y=  fracture mechanics 
geometrical factor; opc =  gross stress at plastic col- 
lapse =  2 T 8 4  a  (1 -  a jw f  for plane strain bending.
This expression described well the variation of K lc 
in the width ( w ) range below
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ana its saturation aoove tnat widtn at a value wmcn 
was taken to be the true level of K lc.
This critical value is consistent with the transition 
to saturation of the plots in Figs 4 and 5. The point 
corresponding to
where the K lc value is taken to be that derived from  
the maximum moulding thickness, is shown on the 
axis of each plot.
4.1.2 SEN tests. Analysis of the edge-notched ten­
sion tests also enables the variation of K lc in these 
tests to be examined.
The lack of variation of K lc in Fig. 7 apparently 
contrasts with the results of Figs 4 and 5. Here, 
however, the majority of the results were obtained 
on specimens with notches cut into the narrowest 
edge. The K lc results determined from this test are 
invalidated, we suggest, because of the yielding 
which occurs at the minimum section. In  these 
specimens fractography shows that the crack pro­
pagated with a very curved front and rough fracture 
surface.
The worm-like features seen on the fracture sur­
faces in Figs 6, 8 and 9 may be compared with those 
reported by Atsuta and Turner15 in association with 
cracks in cross-linked polymers, and called by them 
‘stries’. Invoking an explanation by Preston16 of 
similar markings on silicate glasses and certain 
minerals, they proposed that these tubes or fibres 
are isolated during the propagation of two overlapp­
ing crack fronts at different levels, leading to plastic 
deformation and tearing of the material in between. 
The rod morphology observed in our PES speci­
mens indicates that the tearing process is complex, 
but in any case suggests that the plastic deformation 
at the crack tip is very different in detail from that 
envisaged in the simple plastic zone models of linear 
elastic fracture mechanics.
4.2 Compact disc tests
The whole disc trials confirm that this test is suitable 
for injection mouldings, though the reliability of its 
results depend, as with other fracture mechanics 
measurements, on the technique of introducing the 
starter crack. It  is known12 that initiation with a razor 
blade may lead to erroneous results in ductile mater­
ials, and the rough fracture surfaces and anomal­
ously high K lc values found from compact disc 
fracture provide evidence that this is the case with 
PES. It  is perhaps surprising that the second method 
of crack initiation at a circular hole with a knife 
blade leads generally to a substantial improvement 
in fracture surface appearance and to lower K lc 
levels, although still with considerable variability.
JNevertheless, the main conclusion from these 
experiments must be that the full potential of the 
compact disc test can be achieved only by the use of 
the chevron notch followed by nucleation of a starter 
crack. The results obtained by the last method 
exhibit the least variability of all the tests, while 
approaching as nearly as possible the ideal of true 
plane strain conditions.
Comparison of the K lc values obtained by 
unstable and stable fracture suggests that there is a 
real difference between them, and also that in the 
latter case there is a drop in K lc and G lc as the crack 
grows: it is not yet known whether this is a material 
effect or an artefact of the test. Certainly the final 
values of G lc in Table 3 are the only ones obtained 
in our work which are consistent with those obtained 
by Hine et al.8 for PES. They calculated, using a 
method based on direct observation of the crazed 
zone ahead of the crack tip, that G lc =  (M 7  kJ m ~2. 
Measurements using the compact tensile test in 
stable crack propagation on annealed material gave 
G lc =  1-55 kJ m ~2.
Finally, the variability of the strain energy release 
rates both between and within the different types of 
starter cracks requires comment. The high values 
associated with razor blade initiation, ranging from 2 
to 4-7 kJ m -2 , are most reasonably explained in 
terms of the roughness of the crack surface, which 
must greatly increase the true value of the crack area 
increment A A  used in the calculation, and of the 
large amount of plastic deformation which must 
accompany propagation. On the other hand, the 
wide range of results from propagation of cracks 
with smooth surfaces and nearly straight fronts may 
represent a real material effect, since the work of 
Hine et a l8 emphasized the influence of annealing 
temperature on the fracture of PES. As-produced 
injection mouldings may well have a considerable 
variation in local properties due to differential cool­
ing rates.
5 General comments
This research underlines certain important general 
questions regarding fracture testing of plastics such 
as PES which possess moderate ductility: of these 
questions the most outstanding is how to measure 
fracture toughness in injection mouldings, particu­
larly in thin sections. Crucial to this problem is that 
of ensuring that well-defined conditions in the 
fracture mechanics sense are associated with crack 
propagation, and therefore of starting cracks 
reproducibly. The evidence from this work, particu­
larly from fractography, is that two techniques (well 
established for other polymers), namely notching with 
a cutter or initiation with a razor blade, do not fulfil 
this criterion, and tests which employ these may 
provide K lc results which are both erroneous and 
highly variable. We believe, therefore, that for these
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materials the best approach to ‘true7 K lc measure­
ments lies in the use of the chevron notch combined 
with compact tension or compact disc test-pieces, 
time-consuming though the necessary specimen 
preparation may be; a compensating factor in these 
methods is of course the number of measurements 
which can be made on a single test-piece together 
with independent calculations of K lc and G lc. H ow ­
ever, where for any reason these tests cannot be 
employed we suggest making measurements at as 
low a temperature as possible, since our results 
indicate that fracture toughness is relatively in­
dependent of temperature, while the reduced ductil­
ity factor will ensure that fracture mechanics criteria 
regarding specimen thickness and width are more 
easily obeyed. This injunction will also facilitate the 
use of thinner test pieces. For the thinnest mould­
ings, however, it may be imperative to develop 
special tests based on plane stress fracture tough­
ness, perhaps using guide slots to define the crack 
path.
Lastly, we wish to draw attention to the dif­
ferences, which we believe are significant, between 
the K lc and G lc values determined in stable and 
unstable crack propagation. The majority of tests in 
use at the moment lead to the latter situation, and 
correspond to crack growth during impact testing so 
that any characterization of fracture properties must 
include K lc from unstably fracture specimens. It  
should be noted, however, that the lower K lc level 
apparently associated with near-equilibrium growth 
may also be relevant to design data, since it must 
pertain to any slow crack growth in service. Stable 
cracking under environmental attack is particularly 
relevant to polymer properties.
6 Conclusions
The fracture toughness of PES has been investigated 
using three-point notched bend, single-edge notched 
tensile and compact disc test-pieces made from  
injection moulded discs. It  has been found that:
(i) K lc and G lc are not significantly dependent 
on temperature, speed of testing or specimen 
orientation relative to mould flow direction.
(ii) K lc values in three-point bend tests are sig­
nificantly affected by specimen thickness. 
This influence may be due to yielding across 
the minimum section in thin specimens.
(iii) Three-point bend and SEN tensile test pieces 
in which the crack is initiated by a milled 
notch possess rough fractures indicating 
departure from plane strain conditions and 
excessive crack tip plastic deformation. This 
applies also to compact discs in which the 
starter crack is introduced by a razor blade.
^iv; compact disc rest-pieces wun a ciievron 
notch could be fractured both by unstable 
and stable propagation of cracks with smooth 
surfaces and nearly linear crack fronts. There 
appears to be some difference between the 
K lc values derived from these two types of 
fracture. G lc values calculated directly from  
these tests by the sector method are very 
variable but are in the range reported by 
other workers using comparable techniques.
We recommend that:
(a) Three-point bend and SEN tensile tests on 
PES are performed only at low temperatures 
on specimens whose dimensions exceed 
certain minimum requirements.
(b) The compact disc test be considered for 
general use as a polymer fracture test for the 
influence of orientation and crack speed, 
especially under environmental conditions. 
This test should employ a chevron-notch- 
initiated crack starter.
(c) Careful examination of fracture surfaces 
should form an integral part of fracture testing 
to ensure compliance with the requirements 
of fracture mechanics.
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Appendix
Tensile yield stress measurements
Bars 85 mm long and 12-5 mm wide were cut from  
mouldings and waisted with a circular profile of 3
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Fig. Al Plot of yield stress oy versus cross-head speed, for PES 4800G. Error bars (where shown) are sample standard deviations.
Linearly regressed line (LRL): ay = 3-94v + 83-15.
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Fig. A2 Variation of tensile yield stress oy with test temperature for PES 4800G.
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nun iu a iimuiiiuin wiam ui o’jL mm, as siiowii in me 
inset to Fig. A l.  These were then pulled to yield in 
an Instron machine over a range of cross-head 
speeds and temperatures. Preliminary experiments 
showed that the values of yield stress depended sig­
nificantly neither on specimen thickness nor on bar 
orientation.
Figure A l  shows the variation of yield stress with 
cross-head speed over two orders of magnitude, 
from 1 to 100 mm m in-1. Although the results at the 
higher rate are more variable, there appears to be a 
significant upward trend, a result which is consistent 
with the variation with temperature shown in Fig. 
A2, from 23 to -6 5 ° C  at a speed of 10 m m m in-1 . 
The relevance of these results to the fracture pro­
perties of PES lies in their influence on the ductility 
factor, (K lc/a y)2. W hile the critical stress-intensity 
factor is sensibly independent of temperature, the
mcrease in oy implies a decrease or me ductility 
factor over the temperature range to less than a half 
of its room-temperature value. It is known that the 
conventionally measured impact strength of PES 
decreases continuously over this range1 and drop- 
weight tests indicate a ductile-brittle transition 
between the upper and lower temperatures. These 
results we can correlate only with the ductility factor, 
and suggest that the relationship is worth exploring 
in some detail. We propose that measurements of oy 
as a function of strain rate and temperature should 
be included in design data sheets for all polymeric 
materials.
Reference
1. ANON. Victrex (polyethersulphone) user data, ICI Plastics 
Division, 1978, p. 10.
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Compact disc fracture mechanics testing o f 
injection moulded short fibre reinforced 
thermoplastics
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SYNOPSIS The compact disc fracture mechanics test is briefly described and its use in the evaluation 
of stress intensity factors and strain energy release rates of short fibre reinforced materials 
outlined. Measurements of K 1C and G lc for PEEK based moulded discs are presented and discussed: it 
is shown that the validity of the results, and the mode of crack propagation, depend strongly on the 
orientation of the milled starter notch.
1 INTRODUCTION
This study formed part of a collaborative project 
between the Physics Department of the University 
of Surrey and ICI PLC on fracture testing of 
injection mouldings. In other work to be 
published elsewhere we found that the widely used 
three-line bend fracture mechanics test was in­
adequate for the evaluation of tough advanced 
performance materials such as PES and PEEK for 
two reasons: the results depended on specimen 
thickness (an effect predicted by fracture 
mechanics theory), and the crack front shape and 
surface topography were far from the requirements 
of plane strain deformation. Accordingly we 
developed for this purpose the ASTM compact disc 
test, using single side gated injection moulded 
circular plaques in which were milled standard 
chevron notches which enabled the crack to nucle­
ate at a single point and subsequently to develop 
into a nearly straight fronted flat crack. This 
specimen was pin loaded in the way shown in Fig 1 
and cracks could be propagated in a stable manner 
by suitable programming of the applied force so 
as to yield values of K lc and G lc at various 
points along the crack path. Fig 2 represents a 
typical force-displacement record, showing how 
G lc may be derived independently of any detailed 
analysis of the deformation of the specimen.
This paper describes an extension of the work to 
short fibre filled PEEK mouldings.
2 EXPERIMENTAL METHODS
2.1 Specimen discs
The original mouldings were discs with a diameter 
of 113 mm: the gate mark on the side was used as 
a reference point for all orientation tests, and 
notches were milled at 0°, 45° and 90° to the 
diameter from the gate. Three grades of PEEK 
were supplied by ICI in this disc form: glass- 
fibre filled 4520 GL (20% glass), 4530 GL (30% 
glass) and carbon-fibre 4530 CA (30% fibre). It 
was noted that some of the specimens had "cold 
slugs" in the form of jetting lines which it was 
anticipated would lead to scatter in the results 
from different parts of individual'discs.
2.2 Experimental method
Each disc was prepared by drilling out the pull­
ing pin holes, milling the chevron notch using a
specially designed jig and fixture, and pre­
straining the specimen by a careful routine to 
introduce a sharp crack. This test piece was 
then slowly strained to grow the crack in a 
controlled way, its position along the diameter 
being measured, recorded and timed so as to 
calculate the crack speed.
From the force-displacement record the break­
ing force for a given a/W (where a is crack 
length and W the distance from the notch tip to 
the end of the corresponding diameter) is found. 
The work done to open an incremental area of 
crack is determined by measuring the correspond­
ing sector under the force-displacement curve 
(see Fig 2).Klc is calculated using Newman’s 
(1981) formula for this configuration:
ki o =^-H.G. (1)
where ■
H = 2+R 
(1-R)3
G e 0.76 + 4.8R - 11.58R2 + 11.43R3 - 4.08R4
R e a/W, a e length of crack from notch
P e f/B
B E thickness of disc
G 1C is calculated by the Gurney-Hunt (1967) 
sector method
AW = work to form incremental area of crack AA.
3 RESULTS
3.1 Stress intensity factors
The K lc values are presented in Fig 3. Two
preliminary points are noteworthy:
(i) A number of specimens broke in an unstable 
manner during the crack introduction stage 
in which the load was controlled manually. 
These values are designated 'hand'. (The 
remainder are classified according to 
pulling speed and notch orientation relat­
ive to the gate) .
(ii) The mode of crack propagation is strongly 
dependent on orientation. Whereas the
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gate diameter propagated along the diam- 
etal direction in the regular way observed 
in previous work on PES, cracks started 
from other orientations deviated markedly 
from this line. This behaviour was part­
icularly striking for 45° notches: the 
crack tended towards the gate diameter, 
and in those specimens with cold slugs the 
latter had a marked local effect. The 45° 
and 9l0° notch cracks were very jagged, 
with the microscopic directions following 
on average the local fibre orientation.
These comments of course represent a strong 
qualification of the K x figures for the 45° and 
90° orientations. Whereas the 0° results are 
based on. cracks broadly obeying the postulates 
of fracture mechanics testing, the requirements 
of straight cracks and plane fracture surfaces 
are not met in the remaining experiments. With­
in the 0° group, however, the limited compar­
isons possible suggest that the values are 
reproducible within normal experimental error, 
and that there is little difference between the 
stress intensity factors derived from stable and 
unstable cracking. Perhaps more surprisingly, 
there seems to be no significant difference 
between the values for 20% and 30% glass fibre 
concentration, or between the glass fibre filled 
material and the single result for 30% carbon 
fibre.
A different type of stress intensity factor 
derivation is indicated by Figs 5 and 6, demo- 
strating the extent to which specimens with 
different R values obey Newman's formula. In 
each of these figures the force required to 
propagate a crack is plotted against the 
quantity /WB/HG, which according to (1) should 
be a straight line through the origin with slope 
K lc. Fig 5, giving the results for the 0° 
notches, shows that for each test piece there is 
a convincingly linear relationship, with an 
intercept not significantly different from the 
origin, and the slopes.for the three specimens 
agree within experimental error. In Fig 6, on 
the other hand, the correlations are much less 
good, with considerably larger dispersions both 
of regression coefficients and intercepts. These 
wide confidence limits place in doubt the reality 
of the apparent small increase of K x with angle.
3.2 Strain energy release rates
The values for G x shown in Fig 4 are naturally 
subject to the same qualifications as the K x 
results. The irregular crack surfaces on the 
45° and 90° test piece must of course possess 
a surface area than the nominal area calculated 
on the premise of planarity: consequently the 
strain energy release rates for those discs must 
be lower than the measured values. The same 
factor must also be responsible in part at least 
for the wide dispersion of results. At the same 
time, however, it is worth noting that the strain 
energy release rate determined in this way is 
probably of greater fundamental significance 
than the stress intensity factors calculated 
from Newman's formula: the conditions for apply­
ing the latter are not fulfilled, while the use 
of the expression AW/AA is limited only by lack 
of knowledge of the true value of AA. We may 
therefore conclude that (i) the 45° and 90° 
values are upper limits to the true values (ii) 
better results could be obtained if a method of
found.
With these caveats, we direct attention to 
two features of the figure. First, the 0° values 
for 20% and 30% glass fibre concentrations are 
reasonably consistent within each group, though 
the 30% distribution is skewed by a few anomal­
ously high values. Second, there appears to be 
no significant difference between rates for 20% 
and 30% fibre concentrations.
3.3 Effect of crack speed
K lc and G levels were correlated with the rate 
of crack growth a and cross-head speed. No 
significant dependence was found.
4. DISCUSSION
The compact disc trials show that the test may be 
useful in three ways. In the first-place, it is 
a valuable qualitative indicator of the overall 
influence of fibre orientation in injection 
mouldings, and of the extent to which fracture 
mechanics is applicable to a given composite. 
Second, for those crack orientations for which 
fracture mechanics is appropriate, it may 
furnish quantitative values of critical stress 
intensity factor, and is capable of determining 
point-to-point variations in this quantity (an 
important attribute in short fibre reinforced 
material). Third, it allows measurements of G lc 
independent of the usual postulates of fracture 
mechanics, and with a little development may 
provide quantitative information on crack 
orientations well away from local mean fibre 
directions.
Taking these in order, we observe that the 
deviation of crack direction from the normal 
crack path along a diameter (dictated by the 
geometrical constraints of the specimen) must be 
related to the local fracture properties, no 
doubt because of fibre orientation and perhaps 
density. In other words, cracks probably form 
predominantly by parting of interfaces, so that 
the fracture properties must be traceable to the 
growth of cracks along fibres created by 
constraints between the fibres and a plastically 
deforming matrix. This model indicates that the 
values of critical stress intensity factor in 
those situations to which fracture mechanics 
applies should also emerge from such a plastic- 
elastic model at the microscopic level. The 
scatter in the K lc values of the 0° orientation 
group may be regarded as inherent in the 
material rather than the test, and reflect 
genuine inhomogeneities in fibre distribution.
The broad agreement of the results of the 30% 
and 20% concentrations of glass fibre, on the 
other hand, is remarkable and raises the possib­
ility that fracture properties may saturate at 
some critical concentration as yet undetermined 
around the 20% mark.
Finally, as already observed, the G lc values 
derived from (2) give values independent of any 
detailed model of crack growth, but require 
accurate values of fracture surface area increm­
ent . It therefore seems to us worthwhile 
directing attention to the problem of correcting 
the apparent value by a numerical value to be 
determined experimentally. We therefore make 
the following recommendations for the use of the 
compact disc in evaluating the fracture 
properties of injection mouldings of short fibre
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(i) Exploratory work using notches in differ­
ent orientations to establish the extent
of fibreorientation effects. This should 
include observation of crack paths.
(ii) For orientations which lead to straight 
crack paths, detailed measurements of K lc 
by the break-force method and G lc by the 
sector method.
We recommend also that methods of measuring true 
surface areas be examined in order to use the 
sector method to calculate G lc for cracks which 
deviate from the theoretical crack path.
We acknowledge gratefully the help received by 
discussions with colleagues at the University 
of Surrey and ICI PLC, in particular Dr. J.G. 
Rider and D r . S . Turner.
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1 300 PEEK disc key:
* A530GL—90—1 at 0 0 5 mm/min
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Fig 7 Effect of varying pulling speed for PEEK 4530GL of 90°orientation using 
plots of break force versus fracture mechanics quantity. Measurements were 
made at 23° C and 50 per cent rh
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